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(reneral object of present experiments. The fact that the human body ad- 
justs itself to low environmental temperatures chiefly by constriction of the 
peripheral blood vessels, and to high atmospheric temperatures chiefly by 
increased secretion of sweat has long been a truism of physiology. We 
know 1, that physical regulation through constriction or dilatation of vessels 
is essentially a change in conductivity over the gradient between environ- 
mental and internal body temperature (Kleiber, 1932, Burton, 1934); and 2, 
that various segments of the body play relatively different rédles in the 
elimination of heat (Maddock and Coller, 1933; Freeman, 1934). It has 
generally been assumed that insensible evaporative loss for subjects at rest 
is a roughly constant proportion of the total heat loss within the zone of 
thermal neutrality (Soderstrom and DuBois, 1917; Benedict and Root, 
1926), provided the hydration of the body is normal (Manchester, 1931 
the subjects not pathological (Lazlo and Schurmeyer, 1931), the humidity 
constant (Wiley and Newburgh, 1931), and the subjects in a post-absorp- 
tive state (Jores, 1931). With higher environmental temperatures the 
evaporative loss may increase to very high values. Many of the phenom- 
ena concerned have been described by Houghten, Teague, Miller and 
Yant (1929). 

The exact quantitative reactions of the body (with respect either to skin 
temperature or evaporation) have not, however, been worked out in detail 
under comparable conditions over wide ranges of environmental tempera- 
ture. In order to solve this and similar problems, we have devised in this 
laboratory a new method of partitional calorimetry (Winslow, Herrington 
and Gagge, 1936a and 1936b; Gagge, 1936) by which it is possible to study 
the thermal interchanges between the human body and its environment 
over a given brief interval of time (without waiting for equilibrium to be 
established) and to differentiate between the various avenues of heat in- 
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terchange. The present paper summarizes the general influences of en- 
vironmental temperatures upon the peripheral adjustments concerned in 
heat regulation. 

Plan of present experiments. The subjects, in our experiments, are 
placed inside a nine-sided booth of copper from whose surfaces radiant heat 
of varying degrees of intensity is reflected, while the air temperature within 
the booth is controlled by air-conditioning equipment. By this procedure 
wide differences between radiation effects and convection effects may be 
obtained without marked differences in air movement. 

The subjects are observed in a semi-reclining position in a metal chair 
placed on a delicate silk scale which is suitable for the measurement of 
evaporative heat loss. Metabolism is determined through measurement of 
oxygen consumption. Radiation interchanges are computed from the 
Stefan-Boltzman equation, 


4 y4 / 
R = — “ (1) 
where 
R = radiation loss in kilogram-calories per hour, 
Ap = effective radiation surface of the body in square meters, 
R 1 
kp, = the universal radiation constant, 
R 
Ts = mean temperature of body surface in Absolute degrees, 
and 


Tw = mean equivalent radiation temperature of surrounding envi- 


ronmental surfaces in Absolute degrees.' 

Ap has been determined experimentally for each subject. It is always, 
of course, less than the DuBois total surface area and may vary substan- 
tially with individual body build and posture. 

Convection losses are computed from an equation of the form, 


C= ve VV (T's = Ts), 
where 
= convection loss in kilogram-calories per hour, 
a constant depending on the physical processes involved and 
on the shape and posture of the individual subject, 
velocity of air in feet per minute, 
mean temperature of body surface in Centigrade degrees, 
and 
74 = air temperature in Centigrade degrees. 
ke has been determined experimentally for a given subject in a given 
posture. 
Where the heat produced by metabolism is not exactly balanced by the 
algebraic sum of evaporation, convection and radiation, a fifth factor enters 


‘In all tables and discussions of actual results, Tw will be expressed for con- 
venience in Centigrade rather than in Absolute degrees. 
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the picture, an alteration in the actual temperature of the body 
as a result of storage. 

Storage, as we have shown in an earlier communication, is reflected with 
reasonable accuracy by changes in rectal temperatures, within a certai 
zone of atmospheric conditions. Where, however, the cooling effect o! 
the environment is great, rectal temperature no longer reflects storage cor- 
rectly, since the peripheral areas of the body cool off more rapidly than the 
blood stream. We have presented, in our earlier paper, evidence that, for 
these cooler environments, storage may be accurately determined as thi 
algebraic difference between the heat energy gained from metabolism plu 
positive radiation from hot surfaces and the heat energy lost by conductio: 
to cool air, by radiation to cool surfaces and by evaporation. Storage, i! 
the present paper, has been determined in this way. We have called 
storage positive when the body cools off, and negative when the body heats, 
for logical convenience in computing heat balances. It should be noted 
that storage conditions are constantly changing until a state of equilibrium 
isreached. Our figures represent the rate of storage at the time of observa- 
tion of radiation and convection interchange. 

All methods of measurement, with theoretical and experimental evidenc: 
of the validity of the procedures involved, are given in detail in the thre 
publications cited above. 

The present communication deals with a somewhat exhaustive study of 


two unclothed subjects, whose fundamental characteristics are described 


in one of the earlier papers. One was a pyknic, the other a leptosomic 
type, and their important constants are as follows: 


Subject Height Wetght DuBois Area 


pounds sq. meters 
I > 230 2.13 
II : 5'5 105 1 49 


All experiments here reported were made with a turbulent air movement 
varying between 15 and 20 linear feet per minute. 

Conclusions to be drawn are therefore valid only tor a, unclothed sub- 
jects; b, subjects in a semi-reclining resting position; c, turbulent air move- 
ment of 15 to 20 linear feet per minute. 

General results. Data are presented for 243 different experiments with 
subject I and 250 different experiments with subject II. For convenience 
of analysis these individual experiments have been averaged by groups 
according to the atmospheric conditions maintained. Each group includes 
those experiments in which air temperature on the one hand, and wall 
temperature? on the other, were the same within a range of 3° C 

2 It should be understood that ‘‘wall temperature’’ as used in this paper has no 
reference to the actual contact temperature of the copper surfaces (which was almost 
identical with 74). It represents a temperature equivalent to the radiation effect 
of the total reflecting copper surfaces surrounding the subject 
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The results of all experiments averaged by groups are summarized in 
tables 1 and 2. Altogether, the combinations of air temperature and wall 


TABLE 1 


Group means of experimental data (subject 1) 


GROUP 


EXPERIMENTS 


| NUMBER OF 
HUMIDITY 


RELATIVE 


| 


kam. cal kgm. cal kam. cal kgm. cal. | kgm. cal 
hr hr Ar hr 


-192 155 
— 184 189 
— 160 112 
151 135 
— 137 186 
99 15 
-101 176 
—98 53 
-89 10 
—70 3 
67 12 


—6l 


° 
~ 


t to ty 
m Om 


wre bt 
un 


Ss 
] 

1.3 
3 


S 


or 


to 


on 
nw 


temperature studied were such as to give 35 groups for each subject. 
columns headed M, E, R, C, and 8S, represent the factors of heat inter- 


4 

— ry To | Tg M E R Cc 
l 6 52.4) 41.0) 35.1 94 -53 4 
2 6 14 2| 56.3) 40.5) 35.2 98 99 
3 6 1] 6) 46.4) 38.0) 34.4 100 —46 —f 
4 6 12 5| 49.7| 37.0) 34.7 99 —92 9 
5 8 14 6| 54.8] 36.5) 34.2 100 146 3 
6 8 4() $4; 36.6) 36.0; 35.0 102 } 22 
7 8 $2 19.4] 53.3) 35.5) 33.9 98 156 —17 
8 6 16 | 28.0) 40.6; 35.0} 34.8 103 —52 -6 
9 7 $2 38.6! 35.8) 34.5) 34.7 104 —11 —14 
10 5 45 | 38.3) 34.6) 34.0) 34.2 97 —10 —20) 
1] 1] 44 | 38.5) 3: 34.0) 34.6 104 30 -19 
12 | 6 | 46 | 33.5) 34.5) 103 3 ~30 "15 
13 10 46 16.0 44 32.0) 34.8 102 —~44 116 —167 7 
14 7 40 | 23.2) 4 32.0! 33.8 91 $] 64 —98 —16 
15 5 50 | 28.7) 3 32.0) 34.5 93 $1] 12 — 55 —9 
16 6 i | 27.01 3 31.0) 34.0 102 36 3 —67 —2 
17 16 12.6) 4 30.5} 32.5 97 -—55 145 -177 10 
18 $4 21.6} 36.9; 29.5) 32.8 92 33 35 —100 6 
19 10) 18.1) 38.6) 28.5) 33.6 106 32 47 -137 16 
20 | 1() 23.2) 33.3) 26.5) 32.2 96 34 5 83 16 
21 l 58 | 27.6) 28.6) 28.5) 33.4 99 34 16 57 38 
22 I 52 | 24.7) 30.0! 28.0) 32.8 95 37 24 —76 $2 
23 | > 26.5) 31.9 94 37 17 37 
24 26.0) 30.7 101 —45 78 158 24 
25 25.5) 29.2 92 - 28 127 -183 8 
25.0) 31.2 101 —29 15 -124 37 
27 5 5O 16.1) 31 24.0} 30.3 98 39 14 —125 52 
28 8 50 19.0, 28 24.0) 31.0 93 33 25 —107 72 
29 12 65 | 22.6) 24 23.5) 30.9 94 22 82 79 89 
30 14 12 13.7) 31 23.0} 29.7 89 29 15 140 65 
31 3 48 | 12.0) 31 22.0) 29.0 88 30 21 150 71 
32 } 10 8.51 33 21.0} 28.0 98 25 45 —173 55 
33 17 | 12.8) 29.8) 21.0) 28.8 94 -27 0 —144 77 
34 6 60 | 17.1; 19.0; 18.5) 28.4 87 22 84 - 104 123 
16 13.1) 22.2) 18.0} 28.2 O4 -23 19 — 132 110 
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change contributed, respectively, by metabolism, evaporation, radiation, 
convection and storage. Metabolism is always positive, evaporation 


TABLE 2 


Group means of experimental data (subject Il 


GROUP 


HUMIDITY 


NUMBER OF 


RELATIVE 


5 
8 
7 
4 
5 
} 
} 


always negative. Values for radiation and convection are positive when 
the walls or air are warmer than the skin, negative when they are cooler 


45 
Zz 
3 
ly ro Ts M E ( 3 
1 | 6 | 44 | 29.6) 52.8] 35.6, 79 133 113 is 
2 6 38 | 24.0) 59.0! 39.5) 35.7 77 140 136 
3 6 4] 29.6) 47.3) 38.0) 34.9 76 -106 78 $2 6 
6 $] 24.1; 49.7] 36.0) 35.0 76 79 68 76 1] 
5 6 39 | 35.5) 36.6) 36.0) 35.1 75 76 a) 3 11 
6 14 13 17.0} 54.3) 34.5) 34.6 73 SU) 121 123 
7 6 48 | 27.7) 40.7} 34.5) 34.3 74 63 1() 15 6 
s 13 15 33.2) 35.2) 34.0) 34.9 79 67 } 13 3 
9 12 46 | 31.4) 36.1) 33.5) 34.9 R() 67 7 28 
10 9 44 | 31.2) 34.5) 33.0) 34.8 77 60) 3 29 15 
11 6 50 23.3) 42.9) 32.0) 34.3 SU 5S a4 74 2 
12 $ 38 16.6, 49.4) 31.5) 34.8 74 42 90) 128 6 
13 7 28.3} 35.8) 31.5) 34.4 33 9 7 
14 7 42 16.3) 48.1) 31.0) 35.1 74 51 87 132 Ze 
15 6 36 14.0; 50.5) 30.5) 34.2 72 30 102 144 0 
16 6 40 | 28.0) 34.6) 30.5) 34.6 83 39 l 62 19 
17 4 44 17.8) 41.8) 29.0) 32.6 71 32 39 104 6 
18 7 $2 | 22.1! 36.9) 28.5) 33.4 75 24 22 SU) 7 
19 14 57 | 27.5) 28.3) 28.0) 32.8 86 21 13 15 23 
20 16 42 | 23.0) 33.6) 28.0} 32.8 79 30 6 71 16 
21 11 13 19.3} 34.4; 26.1) 32.1 75 16 10 W 21 
22 5 28 7.7, 44.4) 24.5) 29.6 72 23 9] 157 17 
23 148 | 12.3) 38.7) 24.5] 31.1 68 20) 1s 126 
24 49 | 17.5) 33.0) 24.5) 30.9 68 25 13 94 38 
25 5 417 | 16.8) 31.8) 24.0; 30.7 69 29 3 102 59 
26 60 | 22.7) 25.1) 24.0) 31.3 79 25 1] 63 50 
27 44 | 18.7; 27.1) 23.0} 30.4 78 2) 20) ®] 13 
28 67 | 22.5) 23.3) 23.0; 30.7; 74 22 64 
29 $2 13.6) 32.7; 22.0; 30.4 77 21 15 116 15 
30 16 14.0; 31.4, 22.0; 29.9 75 22 10 111 1s 
31 34 8.7) 34.7) 20.5} 28.5 77 21 39 139 14 
32 10) 11.6} 31.1) 20.5) 29.7 71 1S It) 106 63 
33 55 13.0} 29.1) 20.5) 29.6 73 20 } 118 69 
34 45 | 13.2) 22.5) 18.0) 28.5 82 17 37 106 78 
35 6 51 17.1) 19.0, 18.0) 29.6 17 66 SS 
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than the skin. Storage is negative when the body is heating up, positive 
when the body is cooling off. 

T, and Ty represent air temperatures and wall temperatures respec- 
tively. T's is the weighted mean skin temperature as determined by obser- 
vations at 15 different points on the body surface (Winslow, Herrington 
and Gagge, 1936a). 

There remains one factor (79 in column 6 of the tables) which requires 
further explanation. In general, when the air temperature for a group of 
experiments was high, wall temperatures were kept low and vice versa, 
in order to provide a reasonable degree of comfort for the subjects. For 
the present analysis, we desired a measure of the net thermal effect of 
convection and radiation combined, which would permit the association 
of the observed bodily reactions with a single measure of the varying 
calorie demand of the environment. <A single temperature figure that is 
physically representative of the effect of 74 and Ti combined can be ob- 
tained in the following manner: 

For equations (1) and (2) the loss due to radiation and convection? is 
given by the equation, 


R+C = — Tr) + W/V (Te — 
Making a first approximation for the radiation term we find that 


R +C = (Ts Tw) ke V (T's 


Kr = Ar( 4keT? 


Then, rearranging (3), we have 


(4) 


= (he Zz Ke) E 


KeTw + K 
Ks + 


Newton’s law of cooling states that the rate of heat loss to the environ- 
ment is proportional to the difference between the surface temperature of 
an object and the ambient air temperature (assuming radiation tempera- 
tures and air temperatures to be equivalent). Where, as in our experi- 
ments, air temperatures and wall temperatures differ widely, we must 


’ Temperatures used in the radiation term are in Absolute degrees; in the convec- 
tion term in Centigrade degrees. 


(3 
Let 
(3’) 
and 
Ke = kev V. is’) 
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introduce a new temperature, 7'9, representing the net effect of both ai 
and walls. Newton’s law of cooling, for this case, may be written, 


R+C = Ko(Ts — To 


Comparing (4) and 


and 
Ket+ Kk 


To 


To represents the single physically operative temperature of 7, and Ty 
combined, and is defined by equation (7). This temperature will be ca 
“the operative temperature.” The constant, Ag, as defined by (6 
be called “‘the environmental constant.” 

To may be evaluated from Kp and Ke, as defined in equations (3’) and 
(3’’). Since the range of 7's is small compared to its magnitude in Absolute 
temperature, for purposes of analysis we may use a mean value of T's = 
32.2°C. to calculate Ap. For Aga mean air movement of 17 feet per minute 
may be used. With these values we have for subjects and IT the follow- 
ing constants: 


Subject | 
Subject II 


In order to present a broad general picture of the processes of thermal 
interchange, we have plotted in figure 1 the group data of tables 1 and 2 
for metabolism, for evaporation, for storage, and for the sum of the heat 
loss or gain due to radiation and convection combined (in terms of kilo- 
gram-calories per hour) on the ordinate, against operative temperatures 
on the abscissa. 

Metabolism. It is obvious that the metabolism of the subjects did not 
vary widely in the experiments here reported. This was to be expected, 
since we were operating in a middle range where the increase in metabolism 
which occurs either with increased muscular activity as a response to 
extreme chilling, or with failure of the evaporative mechanism under the 
influence of extreme heat, would not occur. Careful examination of the 
data shows, however, that there were certain slight effects manifest. 

In the table below, the figures for metabolism (total calories per hour) are 
averaged for groups of experiments showing similar rectal temperatures 

Rectal temperatures °C. 
36.08 36.36 36.64 
Metabolism subject I 95 
Metabolism subject II. 32 74 77 


7 
5 
ee (5), we see that 

Ko + Ke, fj 

kK, 

8.8 92 IS 
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It is evident that the stout subject was so well insulated that his rectal 
temperature remained high throughout. With rising values of 79, how- 
ever, it rose still higher and when it did so rise, metabolism also rose slightly. 
With the slender subject, increases in rectal temperature were not asso- 
ciated with any change in metabolism, but at the cooler end of the scale 
of operative temperatures where the rectal records fell below 36°C., there 
was an observed increase in metabolism. It seems possible that our stout 


SUBJECT I SUBJECT I 


@ 


42 40 38 36 34 32 30 28 26 2% 22 20 1B TC 42 40 3B 3% 3% 32 WD 28 2% 24 22 20 B 


° To 
® TOTAL METABOLISM HEAT INTERCHANGE DUE TO RAD. & CONVEC 


® STORAGE @ HEAT LOSS DUE TO EVAPORATION 


Fig. 1. Elements of heat interchange for stout (1) and slender (2) subject, at 
varying operative temperatures (To). 


subject, under hot conditions, was close to the point at which the metabo- 
lism rises with heat, while our slender subject, under the colder conditions, 
began to show the rise associated with slight shivering and increased mus- 
cular contraction. The differences are not statistically significant but 
they are suggestive, and of interest because of the attention they draw to 
the importance of body structure as a partial determinant of the response 
to a given calorie demand. 
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Heat loss due to radiation and convection, and its 
perature. From the nature of the formulae involved, heat loss (or gau 
by radiation must necessarily be a direct function of the difference betwee! 
skin temperature and the mean radiation temperature of the environment 
and heat loss by convection (with air velocity held constant as in the pres- 
ent studies) must similarly be a direct function of the difference bet 
skin temperature and air temperature. Any deviations from a linear 
relation in figure 1 must, therefore, be due to variations in skin temperature 

It will be noted that in figure 1 heat loss due to convection and radiation 
combined varies in a linear fashion with operative temperature above 32°¢ 
and deviates from this linear relation below that point. At an operative 
temperature of 31° to 32°C., subject I had a skin temperature of 34°-34.4°, 
and subject II had a skin temperature of 34.4° to 35°C. (tables 1 and 2 
Further increase of operative temperature is accompanied by only very 
slight increase in skin temperature. Even when the operative temperature 
reaches 40.5°, the skin temperature does not exceed 35.7° with either sub- 
ject. In this range, where the body has excellent machinery for adjusting 
itself to a hot environment by increased evaporation, skin temperature 
remains relatively constant, and, therefore, heat loss by radiation and 
convection increases in a linear fashion with rising operative temperature. 
Below an operative temperature of 31°C., on the other hand, the skin 
temperature falls rapidly with decreasing operative temperature; a fall 
of operative temperature from 31° to 20° is accompanied by a fall of skin 
temperature from 34°-35° to 28°-29°. In this range surface temperature 
of the body is gradually lowered; and, therefore, heat loss by radiation 
and convection does not fall as fast as operative temperature, and the slope 
of the curve changes. 

Variations of skin temperature over different regions of the body surface. 
The data for skin temperature in tables 1 and 2 are based on a weighted 
average of 15 observations at different points on the body surface. An 


analysis of results at the various individual sites gives a clearer conception 
of the processes at work. 


In figure 2 are presented general group averages for four major regions 
of the body; the head, the upper extremities, the trunk and the lower 
extremities. On the plots two orienting lines have been drawn. The 
lower line is the locus of all points at which the skin temperature would be 
equal to the operative temperature. The second line is the locus of all 
points with a 4°C. differential between these two temperatures. The value 
of this differential is the minimum value which would dissipate the heat 
produced by metabolism less minimal evaporation, as caleulated by equa- 
tion (5), using the environmental constant for the individual in question. 

It will be noted from figure 2 that changes in temperatures for all four 
major segments are slight above an operative temperature of 32°C., and 
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HEAD 
TRUNK 
JPPER EXTREMITIES 
LOWER EXTREMITIES 


30 29 26 27 2 25 24 23 222! D 19 6 i7 16 


big. 2. Surface temperatures of various areas of the body (Ts) at varying operative 
temperatures (T 0). 
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that in this region the head is generally warmer and the lower extremities 
generally cooler than the trunk and upper extremities. Below this opera- 


TABLE 3 


The relationship of skin temperature to body temperature 


GROUP 


Cow WwW 


9 
9 
9 
3 
9 
9 
9 
9 
9 
9 


we 


onn coro 


tive temperature there are significant differences between the two indi- 
viduals studied. With both subjects the temperature of the lower ex- 


1] 
SUBJECT st } 
M+S/A Conductane M+S/A ict 

| kgm. cal kgm. cal kgm. cal 

| 42 1.9 22.2 1.3 0 
2 47 1.9 24.8 5D 1.4 39.4 
3 15 16.7 16 2.2 20.9 
51 22.2 51 1.9 26.9 
5 16 | 15.9 $2 1.9 22.1 
6 38 18.1 2.4 
7 39 12.2 4 2.6 16.9 
8 1) 19.2 19 2.4 23.3 
9 43 19.5 57 2.2 29.9 
10 37 14.8 60) 2.3 26.1 
11 | 17.8 51 2.4 21.2 
12 $2 18.2 52 2.3 22.6 
13 15 22.5 22.8 
14 36 2. 62 1.9 32.6 
15 1) 17 2.3 20.4 
16 48 67 5 26.8 
17 4] 50 6 13.9 
18 47 53 3 16.1 
19 58 71 7 19.2 
20 53 62 9 15.9 
21 65 17.6 59 3 13.7 
22 65 17.1 52 0.6 7.9 
23 62 15.1 64 5.3 12.1 
24 59 9.7 69 
25 10 5.6 83 5.9 14.1 
26 66 12.0 S4 5.5 15.3 
27 72 11.4 78 5.8 13.4 
28 79 13.6 8 5.7 15.4 
29 87 15.5 79 6.3 12.5 
30 73 10.1 87 6.8 12.8 
31 76 9.9 78 7.5 10.4 
32 73 8.4 87 6.8 12.8 
33 82 10.6 92 6.8 13.5 
34 100 12.0 104 7.4 t 
35 | 97 8.5 11.4 111 68 16.3 
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tremities falls most rapidly and the temperature of the upper extremities 
falls ata median rate. With subject I (pyknic), however, the temperature 
of the trunk falls about as fast as that of the upper extremities and the 
temperature of the head remains well above that of all other areas. With 
subject II (leptosomic), on the other hand, the temperature of the trunk 
remains high as operative temperature falls, while the temperature of the 
head decreases with that of the upper extremities. With the well-insulated 
pyknie subject trunk skin temperature may fall without resulting chill; 
and the relatively higher head temperature of this subject might naturally 
be related to the greater vaso-constriction in other regions. Winslow and 
Greenburg (1932) have shown that the circulation in the head region bears 
a certain compensatory relation to the circulation in other cutaneous areas 

Space limitations preclude analysis of our data for each of the 15 areas 
of skin individually. It is most striking that in every segment the critical 
operative temperature at which a sharp fall in skin temperature sets in is 
the same (31°-32°). Furthermore, in no cases, except on the dorsal surface 
of the hair, the extreme lower extremities (back of calf and instep), and 
the lower surface of the cloth seat of the chair, did the skin temperature 
fail (at low operative temperature) to maintain its 4° differential above the 
environment. The forehead and cheek were warmer than the back of 
the head. The back of the hand showed a much lower temperature than 
the arm, particularly in the case of the leptosomic subject, but the 4° 
differential was maintained. The rear of the trunk showed a rather stable 
temperature, with the kidney areas becoming much cooler than the 
shoulder blades. The upper parts of the lower extremities fell rapidly in 
both subjects and the feet and chair seat fell most rapidly of all, essentially 
in accordance with ordinary physical laws of cooling. 

Relationship between skin temperature and body temperature. The dif- 
ferences between mean rectal temperature (T,) and skin temperature 
(Ts) for the two subjects in the 35 groups of experiments are presented 
in table 3. 

A temperature gradient, such as exists between the mean skin tempera- 
ture and the body temperature indicates a transfer of heat from the inner 
body regions to the skin surface. Let us consider a fixed quantity of heat 
flowing from a region of temperature, 7'z, to a surface of temperature, 7's. 
The total flow of heat to the skin surface is the metabolism plus the storage 
(M + S); hence the mean heat flux per unit area through the skin is 
M+S 


— where A is the total body area. Therefore, this mean thermal 


conductance of a unit area of skin surface is given by the ratio 


which represents the heat flux per unit gradient drop through the skin. 


M S T, — Ts, 
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In table 3 the values of conductance are calculated by the at 

The DuBois area is used for A, the total area of the body. Con 

versus skin temperature is plotted in figure 3 for both subjects. 

show first, that the values for conductance per unit area of skin 

are, for subject I, generally lower than those for subject I]; and secondly 
that there is a sharp rise in conductance with increasing skin temperatury 
Our graph resembles closely that given by Burton and Bazett (1936) for 
changes in their ‘conductivity index” and the point of inflection (allowing 


for differences in experimental set-up) corresponds in general to their 


50 


© 
3 
5 


32 


Fig. 3. Thermal conductance of superficial tissues of the body associated with 
various mean skin temperatures. 


The observed conductance of the skin layers is composed of two parts; 
first, that caused by the flow of blood to the skin surface, and second, that 
due to the thermal conductance of the flesh alone. The conductance of 
the flesh (without a flow of blood present) below a unit area of skin surface 
decreases with the depth of the gradient to the region of uniform tempera- 
ture, Tz, and is proportional to the specific conductivity of the flesh itself 
(i.e., conductivity per unit volume). The total conductance may be 
expressed by the sum 
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The conductance increases with the flow of blood (f), with a decrease 
in the depth of the gradient (d), and with an increase in specifie conduc- 


tivity (¢c), which is a property of the peripheral tissues without a flow of 
blood for the subject in question; it is smaller when there is a preponderance 


of fatty tissue in the skin layers and higher when muscular tissue predomi- 
nates. This factor accounts for the general displacement of the points 
for the two subjects in figure 3. The value of c, however, does not change 
materially with the various skin temperatures. 

From a physiological viewpoint, it is clear that changes in the depth 
of the gradient for a given individual are intimately associated with changes 
in the flow of blood. The greater the flow, f, the narrower d becomes; or 
conversely, the smaller the flow, f, the greater the depth of the gradient, d. 
The depth of the gradient is essentially a function of the flow of blood in 
the tissues concerned. If this functional relationship is assumed to be an 
inverse one, we note, then, that the conductance is a direct measure of the 
flow of blood in the region of the body included in the gradient. On the 
basis of such deductions one observes, in figure 3, that in the range of skin 
temperatures from 35.5° to 34.5°, a very great increase in blood flow must 
be assumed, while below 33°, the change in blood flow for a given change of 
operative temperature is much less. 

Our reduction of the gross conductance in terms of a relation between 
peripheral blood flow and depth of gradient is tentative. No final inter- 
pretation should be given this relation until much more detailed informa- 
tion is available on the nature of the gradient under the entire skin surface. 

Bazett (1927) has shown that the temperature gradient has a parabolic 
form and varying depth at various regions of the body. The actual gra- 
dient for representative body points over a range of environmental tem- 
peratures is not, however, exactly known in terms of his conception. We 
have attempted to obtain a generalized expression corresponding to the 
thermal behavior of the body as a whole. 

Evaporation. Reference to figure 1 shows that there are two major 
regions in the curve representing evaporative heat loss from the body, 
separated by a narrow transitional zone. At operative temperatures 
below 27°, evaporative heat loss decreases in linear fashion with decreasing 
environmental temperature, but at a very slow rate. It is evident that 
for both subjects an approximately constant value is approached, repre- 
senting the minimal evaporation which can occur when no active secretion 
of sweat is taking place. If we average all groups of experiments between 
operative temperatures of 21° and 27° (eleven groups for subject I and ten 
groups for subject I1), we have a mean evaporative heat loss of 31 kilogram- 
calories per square meter of body surface per hour.‘ 

‘We have evidence that this minimal evaporative heat loss is profoundly influ- 
enced by air movement, a point which has been noted by other authors, but never 
usefully quantified. This material will be presented in a later publication in connec- 
tion with an analysis of the humidity parameter 
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As the operative temperature rises above 27°, the evaporative heat lo- 
increases slowly up to an operative temperature of about 32° for subject 
and about 34.5° for subject II. With still further increase of operativ: 
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Fig. 4. Total evaporative heat loss for the body associated with various skin 
temperatures. 


temperature, evaporative heat loss rises very sharply for both subjects, 
reaching 180 kilogram-calories for subject I and 145 kilogram-calories for 
subject II at an operative temperature of 40.5°C. 
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The sharp break in this curve is directly conditioned by skin temperature, 
as indicated in figure 4. Here, we have plotted total evaporative heat loss 
for each subject against mean skin temperature. For both subjects, 
evaporation changes but little (although diminishing slightly with a further 
fall in skin temperature) when the skin temperature is below 34°. Below 
this region, insensible perspiration is near the physiological minimum and 
evaporation is chiefly determined by the purely physical relation between 
Ts; and T,4. Above this point (34°), on the other hand, evaporative heat 
loss varies enormously, with but little change in skin temperature. It 
seems clear that at a certain critical mean skin temperature of 34°, the 
sweat glands suddenly begin to secrete and are able to dissipate heat by 
evaporation so successfully that no further rise in 7's occurs. In but two 


TABLE 4 


PERCENTAGE OF GROUPS OF EXPERIMENTS AT A 
MEAN SKIN GIVEN REGIONAL SKIN TEMPERATURE SHOWING 
TEMPERATURE EVAPORATIVE HEAT LOSS ABOVE THE MINIMUM 
SUBJECT REGION OF REGION AT SPECIFIED SKIN TEMPERATURES 
(ALL EXPERI- 
MENTS) 


Below 33.2°, 33.2-34.3° | 34.4-35.5° | 35.6-36.7°C 


Head S4 100 
Trunk 100 100 
Upper extremity 8 : 100 
Lower extremity 100 


Trunk 33. § 92 100 
Upper extremity : j 3 93 

Head 32 .¢ 100 100 
Lower extremity : 5 100 100 


groups of experiments with subject II did skin temperature rise above 
3 


5.5°, a condition associated with extremely high operative temperatures. 
Since the various regions of the body are characterized by different skin 
temperatures, the temperature of a particular region at the critical point 
will also differ. To bring out this phenomenon, we have considered the 
critical point at which sweat secretion becomes active, as corresponding to 
30 kilogram-calories for subject I and 40 kilogram-calories for subject II. 
This critical point is clearly indicated by the inflection of the graphs in 
figure 4. Using this value for the boundary between sensible and insen- 
sible evaporative heat loss, we have classified the experimental groups 
according to the mean skin temperature of each region (table 4). The 
regularity of progression through the table indicates that the point 
at which the skin temperature of any region coincides with the onset of 
sensible evaporative loss corresponds exactly in order of magnitude with 
the relative values of the mean regional temperatures in question. The 


BODY REACTIONS TO ENVIRONMENTAL TEMPERATURES 


active increase in evaporative heat loss occurred without exception in 
group whose regional temperature for the lower extremities reached 3: 
to 34.3°. The same result was found in the case of the hottest region of 


the body (the head for subject I, and the trunk for subject II) only after 
the temperature of this region had reached 34.5° to 35.5°. 


It will be noted by reference to figure 1 that above the operative tem- 
perature of 32° to 34°, the increase in evaporation rises very rapidly with 
further increase of 79, balancing at each stage the increase in heat gain 
due to the combined effect of radiation plus convection. At the extreme 
left of each graph, the heat produced by metabolism and the heat gained 
from the hot environment are about equal, and the heat loss due to evapo- 


ration is equal to the sum of both. 

The steady increase in evaporation with higher operative temperatures 
is not related to any parallel increase in skin temperature. The increased 
blood flow which we have shown occurs in this zone is balanced by the 
cooling effect of evaporation on the surface of the body. In the cold zone 
changes in evaporative heat loss are related to changes in conductance; but 
in the hot zone it seems to us probable that the sharp rise in evaporative 
heat loss is chiefly determined by active secretion. The work of Richard- 
son (1926) with a subject having no sweat glands is in accord with this view. 

It would be of great interest to understand the mechanism by which the 
upper limit of sweat secretion is established. In experimental groups 10 
and 5, with operative temperatures of 34° and 36.5° for subject I (and skin 
temperature of 34.2° in both instances) the respective evaporative heat 
losses were 70 and 137 kilogram-calories. In experimental groups 8 and 3, 
for subject II, with operative temperatures of 34° and 38°, the skin tem- 
peratures were the same (34.9°) but the respective evaporative heat losses 
were 67 and 106 kilogram-calories. It seems probable that, during the 
process of adjustment, skin temperature did rise slightly, to be lowered 
again as evaporation increased. This is suggested by occasional high skin 
temperatures recorded for very high operative temperatures (where even 
temporary equilibrium had, perhaps, not been reached). We might, then, 
visualize the point of maximum sweat secretion for a given operative tem- 
perature as determined by an oscillation of slight rises and falls of skin 
temperature above or below a balanced thermal condition. 

Storage. The final factor in the complex of heat partition we are here 
considering is storage, which represents the rate of heating up or cooling 
down of the body during the course of an experiment. This factor, as 
noted above, was derived by difference from the other elements as actually 
measured. On our terminology, positive values for storage correspond to 
a cooling of the body, and negative values to a heating of the body. Both 
are, of course, transitory processes which would ultimately reach a state of 
equilibrium and the base line from which these values are measured is 
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influenced by the condition of the subject on entrance into the booth 
Nearly all of the results here reported were obtained during the summer 
months and in winter the initial thermal condition of the subject might be 
different. This factor should not affect the direction or amount of the 
rate of change, however, but only the location of the arbitrary base line 
separating positive from negative storage. 
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Fig. 5. Rate of storage (chilling of the body) associated with various skin tem- 
peratures 


The general changes in the rate of storage are indicated in figure 1. 
With both subjects there was, in warm environments (operative tempera- 
tures of 36.5°; for subject I and 31° for subject II, and above), a region 
where storage changes were negligible (less than 10 kilogram-calories per 
hour plus or minus). Between operative temperatures of 31° and 36.5° 
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for subject I there was a narrow region in which storage was nega 


(the body was heating). At operative temperatures below 31° for 


subjects, storage was almost always positive and the cooling of th 
became progressively more marked as operative temperatures fell 

this point. This is, of course, the critical point at which evap 
becomes minimal and skin temperatures begin to fall. The sharp increase 
in storage begins when the heat loss by radiation and convection is equal 
to the normal metabolism of the subject minus his minimal evaporation 
(95 — 30, or 65, for subject I and 75 — 20, or 55, for subject II). Below 
this critical point storage varies directly with the sum of radiation and 
convection effects, and a graph of this relationship (not reproduced here) 
shows a 45-degree slope, indicating that the increase is exactly equivalent 
to the increased calorie demand of the environment. 

The relationship between storage and skin temperature is indicated in 
figure 5, and with certain exceptions to be noted later, it is clearly a straight 
line function. The explanation of the slight dip in the curves in figure 1 
in the range between operative temperatures of 31° to 36.5° with the stout 
subject, is to be found in the fact that at this threshold point the effective 
heat increment produced by the rise in operative temperature has not 
operated for a period of time sufficiently long to effect the evaporative 
adjustment which will appear at the point of complete equilibrium. 

It will be noted that in figure 5 there are two points on each graph which 
lie below the rest of the points, indicating a storage below what would be 
expected from the skin temperature. These points were those for experi- 
mental groups 25 and 32 for subject I, and groups 22 and 31 for subject IL. 
These were groups of experiments made with very low air temperature and 
very high wall temperature, and the significance of this relationship will 
be discussed in a later paper. 

The close relation between storage and skin temperature is indicated in 
the summary below. 


Subject I 
Number groups of experiments 
Lowest storage 
Mean storage. 
Highest storage 


Subject II 
Number groups of experiments 


~ 


Lowest storage 


Mean storage. 


+ 


ty 


Highest storage 


19 
Skin temperature 
39.5 26.5 Under 
ind over 4.4 26.5 
13 10 12 
22 33 
8 +9 +65 
+9 +42 +123 
6 14 
+6 +4 
+18 +49 
+27 +85 
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SUMMARY OF CONCLUSIONS 


The experiments here reported were conducted with two unclothed sub- 


jects, observed in a semi-reclining position. One of the subjects was 
stout, the other slender. The atmosphere had a relative humidity gener- 
ally varying between 40 and 50 per cent. In all experiments there was a 
turbulent air movement of 15 to 20 feet per minute. The air temperature 


varied over a wide range (6.5-to 35.5°C.); and the radiation effect from 
surrounding copper walls varied over an even wider range (equivalent 
black-body temperature of 19° to 57°C.). 

In the estimation of the net cooling effect of a given combination of air 
and wall temperatures, we have used the operative temperature, a concept 
developed in connection with these studies. Operative temperature repre- 
sents a value intermediate between air and wall, properly derived to cor- 
respond to the known physical effects of radiation and convection. It does 
not define a physical temperature scale in the ordinary sense, but is in fact 
a scale expressed in terms of the thermal demand of the environment upon 
the organism. It is no less rigorous in definition than our conventional 
scales, and is peculiarly fitted for consideration as an important biophysical 
parameter since it expresses the thermal effect of any environment as 
modified by the restrictions of pattern and surface area typical of living 
organisms. 

The principal phenomena observed were as follows: 

1. Metabolism remained approximately constant throughout the range 
of experiments. 

2. Ata critical operative temperature of 31° to 32°, the heat produced 
by metabolism is balanced by the heat lost through radiation plus convec- 
tion, and through evaporation, these two components being approximately 
equal. At operative temperatures above this point the heat received from 
the environment due to radiation plus convection increases steadily and in 
linear fashion with increasing operative temperature. Parallel with this 
increasing warmth of the environment, the secretion of sweat also increases 
in linear fashion, balancing exactly the influence of the hot air and hot 
walls. At very high operative temperatures the rate of heat gained from 
the environment may be equal to the metabolism, and the heat lost by 
evaporation equal to the sum of both. Skin temperatures in this region 
remain approximately constant (34°-35°), although rising very slightly 
with high operative temperatures. In general, the body maintains a 
high degree of thermal equilibrium in this hot zone. 

3. The release of the sweat-secreting mechanism is intimately related 
to a critical surface temperature. The mean value of this critical skin 
temperature for the whole body is about 34.5°, which corresponds to a 
temperature of 35°, or more, for the warmer regions of the skin (the head, 
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in the case of the stout subject, the trunk in the case of the slender sul 
and to a temperature of 34° or less for the cooler lower extremities 

4. At operative temperatures below 31°, phenomena of very 
nature occur. Evaporation has passed its inflection point and lies 
area of minimal values (represented by a mean value of 15 
calories per square meter of body surface for the degree of air movement 
maintained). Evaporative heat loss shows only a slight decrease betwee: 
31° and 25.5°, with no further fall in still cooler atmospheres. Below thi- 
zone, where the calorie demand of the environment equals the sum of 
metabolism plus minimal evaporative loss, another protective mechanism 
begins to operate, a fall in skin temperature. A decrease in operativ 
temperature from 31° to 20° is accompanied by a fall in mean skin tem- 
perature from 34.5° to 29°. In this decrease of skin temperature all 
regions of the body generally maintain a differential of at least 4° above 
the temperature of the environment—which is the differential necessary to 
dissipate the heat of metabolism under conditions of minimal evaporation 
The fall in skin temperature in the cooler environments must result from 
vaso-constriction, and from the data available it has been possible to 
compute quantitative values for the resulting adaptive changes in the 
thermal conductance of the surface tissues of the body. These values are 
always lower for the stout subject than for the slender subject, in conse- 
quence of the higher proportion of fatty tissue. For both subjects, they 
fall with decreasing operative temperature as a result of increasing vaso- 
constriction. For a fall in skin temperature from 35° to 32°, conductivity 
(and presumably blood flow through the cutaneous tissue) is cut in half. 
It is of special interest that this vaso-constriction begins on all areas of 
the body (whatever their normal skin temperature) at about the same 
point on the operative temperature scale. 

5. This decrease in skin temperature tends, of course, to limit heat loss 
from the body and thus to check positive storage (chilling). This adapta- 
tion, unlike that effected in a warm environment by sweating, is, however, 
incomplete. At points with operative temperature below 31°, there is 


positive storage or chilling, which becomes progressively greater with 


lower operative temperatures, and in our coolest environments is equal to 
the metabolism. 
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There are several points regarding the physiology of small blood vessels 


of mammals upon which there is still considerable disagreement. The 
existence of pericapillary muscle cells, and the ability of capillaries to 
contract like muscular vessels are especially controversial. The discrep- 
ancies in the results of work done thus far seem to be due largely to the 
different methods of study, and to the failure of most observers to examine 
the capillary bed as a functioning whole. 

The technique of micromanipulation offers many advantages over othe: 
methods of studying small blood vessels. The flow of blood through 
single arterioles, capillaries, or venules may be interrupted, and the result- 
of such procedures watched. Constituent cells of these vessels may be in- 
dividually manipulated with minimal trauma to nearby structures. Con- 
versely, tissue adjacent to a vessel may be irritated and the effects on the 
latter observed. High magnifications can be used at all times during th 
manipulation of the tissues. 

Krogh (16), Grant (8), Heimberger (14, 15), Rogers (20) and Fields (7 
have reported the effects of mechanical stimulation on small vessels 
Since the first two investigators did not directly manipulate the vessels, 
it is impossible to say what proportion of their results was due to altera- 
tions in surrounding tissue. Heimberger’s manipulation experiments were 
relatively coarse. How much his results were influenced by injury cannot 
be evaluated. Rogers and Fields, on the other hand, used microneedles 
to stimulate pericapillary and endothelial cells. Their findings can be 
compared with those reported here. The earlier work in this field ha- 
been reviewed by Hooker (12), and Krogh (16). 

In order to obtain more complete data on the anatomy and physiology 
of the small blood vessels in mammals, the present study with the micro- 
manipulator was undertaken. 

MATERIALS AND METHODS. Simple observations, in some instances 
after vital staining by 1 per cent methylene blue, were made on vessels 
in the mesentery, intestinal wall, and ear of the white mouse. Manipula- 
tion under high magnification (450-1350 & ) was carried out on the mesen- 
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teric vessels only. In all experiments the animals were anesthetized by 
a subcutaneous injection of 0.5 cc. of 4 per cent solution of chloral hydrate. 
Anesthesia was usually complete in approximately ten minutes. For the 
manipulation experiments the mesentery was drawn through a small ab- 
dominal incision, and placed over a horseshoe shaped, moist chamber 
similar to that used in a previous study (26). The upper, mesothelial 
surface of the mesentery was irrigated with warm physiologic saline and 
covered with a glass slip. After bring- 
ing the microneedles through the open 
end of the chamber, they were passed 
through the lower mesothelial layer of 
the mesentery into its areolar tissue, 
and finally into direct contact with the 
wall of the vessel being studied. In 
order to eliminate the effects of pro- 
longed exposure, observations, with one 
exception, were not made for more than 
75 minutes after preparing the mesen- 
teric spread. 

Resutts. I. Observations on struc- 
ture. As in Amphibia, two types of 
vessels were found in a capillary bed. 
One capillary usually took a rather 
direct course from arteriole to venule 
and always contained blood. This ves- 


sel possessed occasional thin, peculiar 
muscle elements. For this reason 
the small blood vessels in the mes- Zweifach (27) has given it the name 
entery of the white mouse. The ‘muscular capillary” or “arterioven- 
arteriovenous bridge is stippled in gous bridge,’ in contrast to less direct 
contrast to the true capillaries. @, ide channels, the “non-muscular” or 


arteriole, pr. c., precapillary, po. c. 
“true capillaries” (fig. 1). 


posteapillary, a.c., arterial segment 
of capillary, v. c., venous segment of In the mesentery, the true capillaries 


capillary. (450X.) were most frequent. In the ear, on the 
other hand, the arteriovenous type of 
vessel predominated. These differed from other capillaries in that they 
never completely closed down or collapsed, and therefore constituted a 
path of continuous flow of blood from the arterial to the venous portion 
of the circulation. Only in long standing or irritated tissues, where both 
the arterioles and capillaries were in a dilated state, did all of the vessels 
in the capillary bed contain circulating blood. 
The term ‘‘arteriovenous bridge” should not be confused with “arterio- 
venous anastomosis,’ or ‘Suequet-Hoyer canal.’’ Heretofore demon- 
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strated in the skin (4, 9, 10, 11, 13, 18) and heart (24 

found in the mesentery of the mouse. Vessels of a ; 

perhaps more properly called ‘‘arteriolo-venular anastomoses,’ were 
quently found connecting an arteriole and a venule just proximal to 
capillary bed. These were short and tortuous, possessed muscle cel 
chiefly at their arteriolar end, never had branches, and were not 
the capillary bed. 


pe 


A third term, “intracapillary anastomosis,” has been used by Wright 
(25), in reference to intermittently active capillaries in the skin. Very 
probably they correspond to what are called “true capillaries”’ 
communication. 

II. Observations on function. A. Arterioles. Immediately after prep- 
aration of a mesenteric spread it was noted that the small arterioles spon- 
taneously contracted and dilated at fairly regular intervals over a period 
of 10 to 20 minutes. Then followed a more active second period, lastir 


approximately 10 minutes, during which the intervals between contractions 
were shorter. The third and last period of spontaneous arteriolar activity 


consisted of a gradual decrease in the frequency of contraction-dilatation 
cycles until at the end of 2 to 3 hours they ceased entirely. Variations in 
the concentration of chloral hydrate used for anesthesia did not markedly 
alter the sequence or duration of these periods. Excessive handling, how- 
ever, shortened the duration, especially of the last one. None of this 
spontaneous arteriolar activity appeared if the mesentery was unduly 
stretched when being prepared for observation. 

Stretching rather than simple prodding was found to be more effective 
in causing constriction of the smaller (15-20 yu) arterioles. The reactions 
after such stimuli usually followed a definite pattern. First there was a 
short latent period of 1 to 2 seconds. Then came a generalized contraction 
extending slightly distal and considerably proximal to the point of stimula- 
tion, but never beyond points of branching. This contraction completely 
obliterated the lumen within 5 seconds, and kept it so for an additional 
20 to 30 seconds. This period was longer if the stimulus was a strong one. 
Thereafter the lumen reappeared irregularly along the vessel permitting 
red cells to filter in unevenly. Finally, a slow, even relaxation of the walls 
occurred. Relaxation usually took 15 to 20 seconds, but could be has- 
tened by gently drawing the microneedle over the constricted artery. At 
the original point of stimulation, however, a partial constriction usually 
remained for more than 2 minutes. 

Large arteries were less irritable than small ones, a constriction occur- 
ring only after strong stimuli. Further, the response never consisted of 
complete obliteration of the lumen. 

B. Venules. Spontaneous changes in size occurred more frequently in 
venules than in any of the other small blood vessels. These changes were 
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quite different from the rapid constrictive movements seen in arterioles. 
In venules less than 25 yw in size they consisted rather of slow dilatation 
followed by a gradual resumption of the original diameter. The dilata- 
tion persisted in old preparations and blood flow through the venule was 
slow. At least two factors were important in determining “spontaneous” 
venule activity. 

The first was change in capillary blood flow. When this was increased 
by arteriolar dilatation, the venules draining the area would dilate. When 
such a venule was compressed with a microneedle, and the lumen obliter- 
ated, the segment toward the capillary bed remained distended; the seg- 
ment away from the capillary bed resumed its original size after the con- 
tained corpuscles had drained into adjacent, larger venules. Observations 
of this nature suggested that ‘‘spontaneous” venule dilatation was a pas- 
sive phenomenon dependent upon increased capillary flow. 

The second was a change in local tissue metabolism. Evidence for this 
was obtained by irritating tissue adjacent to the venule without, however, 
actually touching the wall of the vessel. This procedure invariably re- 
sulted in dilatation. Likewise, when both the arteriole and a large venule 
of a capillary bed were compressed with microneedles, and the blood 
trapped between them, the venule included between the two needles di- 
lated within 20 to 30 seconds causing a slow drainage of the blood elements 
from the capillaries. In an experiment of this type it is felt that the im- 
paired circulation to the area studied resulted in an accumulation of kata- 
bolites which in turn was followed by dilatation of the venule. It seems 
likely that a similar dilating mechanism was present in long standing prep- 
arations. 

The ability or inability of the venule endothelium to contract could not 
be conclusively demonstrated because this structure could not be reached 
by the microneedle without piercing the relatively thick connective tissue 
coat. The secondary effects caused by injury to this coat, therefore, could 
not be satisfactorily eliminated. Other observations on endothelium 
were made especially on several differences in behavior of this membrane 
in fresh and old preparations. First, in the former, Congo red injected 
into the circulation did not pass through the endothelial lining in suf- 
ficient quantities to color the surrounding tissue. In the latter, on the 
other hand, where the venules were dilated and the velocity of blood was 
slow, the Congo red seeped rapidly into the tissues. This difference in 
permeability to the dye was striking. Second, leucocytes adhered only 
oecasionally to the endothelium in fresh preparations; they did so fre- 
quently in long standing ones. It might be added here that in fresh mesen- 
teric spreads leucocytes could be made to adhere to the endothelium simply 
by irritating the wall of the vessel. This phenomenon was evanescent, 
however, persisting only for 10 to 20 seconds. Third, the freshly exposed 
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venule showed a certain degree of elasticity so that it resisted distortioy 
with the microneedle, and rapidly returned to its original state when the 
latter was withdrawn. The same manipulation in the dilated venule left 


the wall indented for a longer period. Occasionally this procedure weakened 
the wall to such an extent that it would bulge conspicuously. Similar 
observations on capillaries make it probable that such variations in elas- 
ticity were dependent principally on changes in the endothelium 

C. Capillaries. Gradient of response: Neither all of the capillaries, 
nor different segments of the same capillary, exhibited the same propertie 


In a single capillary there was a gradient in reactivity as it was explored 
from its arterial to its venous end. The endothelium of the former, com- 
pared to the latter, was more rigid; its resistance to distortion and indenta- 
tion was greater; the response of its individual cells to prodding, as de- 
scribed below, was more pronounced; its permeability to Congo red wa: 
less; its diameter was smaller. The arterial segment could be made to 
behave like the venous segment, however, by a variety of methods, suc} 
as decreasing blood flow through the capillary, shunting venous blood into 
it, irritating adjacent tissue, or prolonged exposure. In short, ‘tonicity’ 
of the arterial segment could be decreased by any procedure which appar- 
ently decreased its oxygen supply, or favored accumulation of metabolite- 
in or near this segment. 

Capillary diameter: It should be stated at the outset that spontaneous 
contraction and dilatation such as occurs in arterioles was not seen in any 
of the capillaries. However, these vessels were observed to vary consider- 
ably in diameter (3-10 uw) at different times. These changes in caliber 
were gradual, and apparently dependent upon factors in the surrounding 
medium rather than upon the pericapillary cells. In order to throw som« 
light upon the mechanisms involved, the manipulator was used. 

In resting tissues, such as the ear, or fresh mesenteric preparations, the 
capillary vessels tended to keep a relatively fixed diameter even in the 
temporary absence of circulating blood. Spontaneous variations in the 
rate and regularity of flow occurred without accompanying changes in 
capillary diameter. Similar variations in flow were produced artificially 
A microneedle was placed across a capillary so as to occlude its lumen 
Despite the jamming of red cells into it, the segment above the obstruc- 
tion did not change its diameter, provided that flow was not halted for too 
long a period. Below the microneedle the corpuscles were slowly drained 
away into the venous system, but here also no alterations in caliber of the 
empty vessel could be seen. A similar series of events occurred when a 
precapillary was blocked. These observations make it clear that varia- 
tions in blood flow in the normal capillaries of the mouse may occur with- 
out alterations in the caliber of these vessels. 

Two experiments were performed with a view to simulating on a 
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scale two clinical phenomena seen in the skin, and usually attributed to 
capillary contraction. The first is the white tache, a blanched streak which 
appears at the site of stroking the skin in man, in a variety of conditions. 
An attempt was made to produce this reaction on a microscopic scale by 
drawing a blunt miconeedle across an area of the mesentery which con- 
tained an arteriole, a venule, and the intermediate capillary bed. The 
arteriole contracted promptly and completely, the venule dilated slightly, 
but the capillaries remained as before, except that their contents were 
drained into the venule. The second phenomenon, Bier’s spots, are 
blanched areas which appear in the skin when both the venous and arterial 
circulation of an extremity are obstructed. A white tache can be produced 
in such an extremity by stroking the skin. Experimentally the conditions 
were imitated by obstructing both the vein and artery of a capillary bed. 
The first effect noted was a dilatation of the venules with seepage of most 
of the capillary contents into them. In a few of the capillaries stagnant 
red cells remained. When this entire system was then stroked with a 
blunt microneedle, those small arterioles touched by the needle contracted, 
and eapillaries still containing blood were completely drained. At no 
time during these manipulations, however, did the caliber of the capillaries 
change. 

Decrease in capillary diameter: During the transition of a tissue from an 
wctive to a resting state cessation of circulation through most of the true 
capillaries occurred. If blood flow were absent for a minimum period 
varying from 40 to 90 minutes, a gradual decrease in diameter of the capil- 
lary occurred. This was a slow process, reaching completion some 20 to 
30 minutes after its onset. By shunting blood through the ‘“closed”’ 
vessel, widening of the lumen was again affected. A decrease in, diameter 
sufficient to impede blood flow was never seen if blood was flowing through 
the capillary. 

There were several differences in the character of the closure depending 
upon the factor responsible for the absence of blood flow. If this was 
diminished arteriolar supply such as often occurred spontaneously, or 
artificially when a microneedle was placed across its arterial end, then the 
“closed” capillary assumed a contour as indicated in figure 2a. If the 
factor concerned was venule obstruction, spontaneous or induced, then 
the decrease in diameter was confined to the arterial segment. In such 
instances a small, distal portion of the venous segment contained cells, 
and retained its original diameter (fig. 2b.). 

Increase in capillary diameter: The capillaries dilated under a variety 
of circumstances, such as lengthwise stretching with two microneedles, 
repeated, gentle, lengthwise stroking, irritation of surrounding tissue, pro- 
longed exposure, or shunting of venous blood into a capillary bed. 
Dilatation was shown to be a passive phenomenon by the following 
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experiment. Blood flow through a capillary was interrupted with a micro- 
needle. The tissue surrounding the capillary distal to the obstruction 
was irritated with a second needle. This, by itself, resulted in no change 
in caliber of this distal part. However, when blood flow was permitted 
to resume, the portion in question slowly dilated. This seemed to indi- 
cate that dilatation was dependent upon intracapillary blood flow in addi- 
tion to changes in the endothelial cells. The dilated vessel slowly returned 
to its original diameter only after blood had been flowing through it again 
for a considerable interval. 

In fresh preparations arterioles supplying the capillaries were partially 
contracted. If a large area of pericapillary tissue was mechanically irri- 
tated, a slight capillary dilatation was followed in 20 to 30 seconds by 
a relaxation of the corresponding arteriole. A more marked capillary 
dilatation then occurred. The ‘‘reflex arteriolar dilatation” thus brought 


Fig. 2a Fig. 2b 


Fig. 2a. Type of capillary closure seen when arteriolar supply is diminished. 
Distal segments are completely collapsed. 2b. Type of capillary closure seen when 
venous obstruction interrupts the flow of blood through that vessel for a long interval. 
The proximal or arterial segment isclosed. The distal portion of the venous segment 
(arrow) isopen. cap., capillary, ven., venule, a.v. bridge, arteriovenous bridge 


about resulted ina filling of the dilated capillaries as well as of other capil- 
laries in the bed which previously were empty. Venules draining the area 
also became distended. Except where capillaries were permanently di- 
lated, as in old preparations, this hyperemia persisted for 15 to 20 minutes. 

Pericapillary and endothelial cells: Vital staining with methylene blue 
revealed no cells in the true capillaries which morphologically resembled 
smooth muscle cells. Cells with loop-like, cytoplasmic, side processes en- 
circling the vessel, as described by Rouget (21), and Vimtrup (23), were 
not encountered. Adventitial cells were numerous in the capillaries of the 
fat. Many of these vessels were followed for distances of 500 to 600 « and 
all pericapillary cells encountered were individually prodded with the 
point of the microneedle. Reactions were varied. Some cells swelled 
only to return to their previous size in 30 to 40 seconds; others merely 
withdrew from the endothelial wall; a few appeared not to respond at 
all; but none caused any constriction of the capillary wall 
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Stimulation of many of the perivascular cells of the arteriovenous 
bridges did result in a partial constriction of the lumen (fig.3). At no time 
did extensive contraction with obliteration of the lumen as seen in arte- 
rioles occur after stimulating these cells. 

The capillary endothelium reacted to two or three gentle prods with the 
tip of a fine microneedle by a localized contraction persisting for 2 to 4 
minutes (fig. 4a and 4b). As already noted, the cells in the arterial por- 
tion usually responded to a less vigorous stimulus than those in the venous 
portion. The response was always limited to the point of stimulation, 
did not encircle the capillary, and was not accompanied by visible altera- 
tions in blood flow. 

Discussion. The division of capillaries into muscular and non-muscular 
types is a new and important one. Clearly the functions of these types 
differ. The muscular capillary is always open, and transports blood con- 
tinuously. It may be regarded as doing the basal work of a capillary bed. 
The non-muscular capillaries, on the other hand, form a reserve bed nor- 
mally called into action when local tissue metabolism demands it. 

In neither type of capillary did we see spontaneous contractions as they 
occur in muscular vessels. The bulk of the evidence favoring the concept 
that capillaries can contract is indirect, and is based upon the response of 
these vessels to various types of stimulation. Cotton, Slade and Lewis 
(6), Carrier (2) and Lewis (18), attribute the white tache and Bier’s spots 
in the skin to the contraction of minute vessels especially the capillaries 
and the venules. It is true that the blanched streak or area is devoid of 
visible blood elements if examined under the microscope, but it is impos- 
sible to identify the capillary endothelium with the low magnifications 
that must be used on opaque skin. Direct evidence of its contractility 
cannot be obtained, therefore, in this way. Heimberger (14, 15) claims 
to have indirect evidence for capillary contraction in man. He manually 
stimulated blood vessels of the skin with a fine needle under low magnifica- 
tion, and observed a narrowing of the moving column of blood in the 
capillaries and venules. This he interpreted as evidence for contraction 
of these vessels, although he admits that he was unable to see the capillary 
endothelium. It is noteworthy that even with micromanipulative 
technique prodding may injure a capillary so that leucocytes will accumu- 
late temporarily at the injured site. This results in a considerable narrow- 
ing of the visible column of cells passing this region. With the technique 
used by Heimberger, capillary injury with formation of such plugs may 
have occurred. If so, it would have gone unrecognized since the mass of 
adhering leucocytes cannot readily be seen in opaque tissues under low 
magnification. 

Our own experiments in which the clinical phenomena of the white 
tache and Bier’s spots were simulated show that emptying of capillaries 
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and the fading that goes with it may occur without 


lary diameter. It must be remembered, however, that we 
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Fig. 3. Photomicrograph of an arteriovenous bridge (’muscular capillars 
after stimulation of a perivascular muscle cell. There is only partial constriction 
at point of stimulation. Arrow points to nucleus of cell stimulated. ¢, lumen of 
capillary. Photo enlarged from 32 mm. film taken at 900 x 

Fig. 4a and b. Photomicrograph of true capillary a, before, and 6b, after, prodding 
an endothelial cell (arrow) two or three times with the tip of a microneedle. After 
stimulation the nucleus of the cell bulges into the lumen. Slight indentation and 
wrinkling of wall occurs 1350 


tery of a mouse where true capillaries are most numerous. Available 
evidence indicates that in the skin of man the muscular type of capillary 
predominates. The importance of this difference is diminished when tt 
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is recalled that arteriovenous bridges in the mesentery were never seen 
to contract along their entire length after stimulation. It seems unlikely, 
therefore, that paling of the skin in the white tache or Bier’s spots 
ix due to contraction of these vessels. Although direct evidence is at 
present lacking, it is possible that activity of arteriovenous anastamoses 
of a very small order, better named ‘arteriolo-venular anastamoses,” is 
important in determining paling phenomena of the kind under discussion 

Among those investigators who have made direct observations in mam- 
mals it seems singularly important that none have confirmed the impres- 
sion that capillaries can actively contract like muscular vessels. Sandi- 


son (22) and Clark and Clark (3, 5), using the rabbit’s ear and a transparent 


chamber technique were unable to see spontaneous capillary contractions. 
Our own observations on both the muscular and non-muscular types are 
comparable. Those changes in capillary caliber that did occur were slow 
and seemed passive in nature. 

At least two factors are responsible for the gradual changes seen in capil- 
lary diameter. These are inherent elasticity of capillary endothelium, 
and intracapillary pressure. The latter remaining constant, the former 
may apparently be reduced by poor circulation toa capillary bed (anoxemia 
mechanical or chemical irritation of tissue adjacent to the capillary, or 
Increased activity of the tissue (accumulation of metabolites). Under any 
of these circumstances the result is Capillary dilatation. 

The reverse seems to occur when, elasticity remaining constant, the 
intracapillary pressure falls. Landis (17) has demonstrated a direct rela- 
tionship between rate of blood flow and blood pressure in single capillaries 
When blood flow through a capillary is absent for some time, the conclu- 
sion that blood pressure is low or absent in that capillary is justified. Tf 
at the same time elasticity of the endothelium is maintained by an ade- 
quate blood supply to the bed of which it is a part, the result is a gradual 
narrowing of the lumen, often to complete obliteration. 

The manner in which alterations in what is referred to as ‘elasticity’ 
are brought about is obscure. Changes in “turgor” or fluid content. of 
the cells must be important in changing the shape of each, and in turn 
the shape of the tubular aggregate. 

The “reflex arteriolar dilatation” described is of importance in meeting 
the vascular demands of practically any tissue under widely varying con- 
ditions of activity. This reflex was elicited by manipulation of an exten- 
sive amount of tissue surrounding several capillaries. Although dilata- 
tion of the capillaries was usually the initial effect, in some instances this 
occurred first in the venules, then in the arterioles, and finally in the capil- 
lanies. From this it can be inferred that this reflex has a receptor mecha- 
nism in, or near, the walls of the capillaries or venules; that capillary dilata- 
tion is not a necessary requisite for the arteriolar response; and that one 
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of the stimuli effective in eliciting it is a substance liberated by irritation 
of pericapillary tissue. A similar substance may be liberated under nor- 
mal conditions when increased local metabolism demands increased local 
vascular supply. 

The evidence for the presence of pericapillary muscle cells (Rouget 


cells) is contradictory. Rogers (20), using a microtechnique on the capil- 


laries of the cat’s omentum, found no contractile, pericapillary cells. 
Beecher (1) described variations in capillary outline, seen in a transparent 
chamber inserted into the rabbit’s ear, which he attributed to the activity 
of Rouget cells. Fields (7) obtained two types of contractile response to 
electrical stimulation of the smaller vessels in the rat. The first type she 
interpreted as being due to endothelial cells, the second to pericapillary 
cells. These differences in results may be attributable to the existence 
of two types of capillaries. We were unable to find perivascular contrac- 
tile cells surrounding the true capillaries. Contractile cells of a primitive 
nature were found along arteriovenous bridges. 

From the nature of the response of capillary endothelium to prodding 
it cannot be regarded as having contractile importance in the physiology 
of the mammalian capillary. It can only be looked upon as one of the 
indices of the protoplasmic integrity of the cells stimulated. 

It was noted that if a temporary obstruction of a capillary were removed, 
blood flow frequently did not return immediately through that capillary. 
The occlusion apparently disturbed the relationship of pressure forces 
acting on both ends of the vessel, so that even after it ceased to exist no 
flow occurred until the new set of pressures was again disturbed by other 
factors. The number of these factors must be great, but it is easy to con- 
ceive of how localized dilatation, alterations in permeability, adherence of 
leucocytes, red cell obstruction, and changes in arteriolar caliber are con- 
tinuously changing the flow of blood through the capillaries. 


SUMMARY 


1. Observations were made on the arterioles, capillaries, and venules 
of the mesentery, intestinal wall, and ear of the living white mouse. The 
mesenteric vessels were, in addition, subjected to micromanipulation under 
high magnifications (450-1350 x). 

2. Arterioles showed rhythmic, spontaneous alterations in caliber, and 

responded to mechanical prodding by a rapid constriction extending some 
distance above and below the point of stimulation. 
3. “Spontaneous” activity in venules consisted of a gradual dilatation 
and return to original diameter, dependent primarily upon changes in 
capillary blood flow, and secondarily on substances liberated when sur- 
rounding tissue was irritated with a microneedle. 

4. Capillaries were of two types: muscular capillaries or arteriovenous 
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bridges, and non-muscular or true capillaries. The former differed from 
the latter by the presence of pericapillary muscle cells and by the presence 
of a continuous flow of blood. 

5. Spontaneous, rapid alterations in capillary diameter such as occur 
in arterioles, were not seen in either the muscular or non-muscular capil- 
laries. Gradual changes in diameter both in the direction of increase 
and decrease were observed chiefly in the latter. 

6. Mechanical stimulation of pericapillary cells produced no changes 
in the diameter of the true capillaries. In the case of arteriovenous 
bridges certain perivascular cells did cause a partial constriction of the 
lumen. Direct stimulation of capillary endothelial cells resulted in a 
localized contraction of these cells. This did not involve the entire cir- 
cumference of the vessel and did not impede circulating blood. 

7. A “reflex’”’ arteriolar dilatation occurred when sufficient tissue sur- 
rounding the corresponding capillary bed was mechanically irritated. 

8. The possible relationship of these experiments to certain clinical 
paling phenomenon observed in the skin is discussed. It is shown that 
emptying and paling of a capillary can occur without changes in its di- 
ameter. 

9. It is suggested that much of the confusion regarding pericapillary 
muscle cells, and the ability of capillaries to contract is due first, to the 
existence of both muscular and non-muscular capillaries with varying 
proportions of each type in different tissues; and second, to unjustified 
conclusions about capillary contractility drawn from indirect, stimulation 
experiments. 
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The anatomical differentiation of the adrenal cortex (Howard 1927, 
1929, 1930; Deanesley, 1928) into two distinct types of tissue in certain 
species, has received little attention from a physiological point of view. In 


Mus musculus and in Homo sapiens the adrenal cortex consists of a perma- 


nent cortex and a transitory cortex or X zone. The latter may under cer- 
tain conditions exceed the permanent cortex in size. It undergoes growth, 
cell division or degeneration (Howard, 1927; Whitehead, 1933) inde- 
pendently of the permanent cortex. Hence one might expect that the X 
zone has a different function from the permanent cortex. 

Since the X zone disappears during the course of the life of normal in- 
dividuals, it seems probable that it is not necessary for the production of 
the cortical hormone necessary to life. However, as a preliminary step in 
an experimental study of X zone function, it seemed desirable to obtain 
direct experimental evidence as to whether or not cortical extract from 
adrenals not bearing X zone could furnish adequate replacement therapy 
for animals adrenalectomized during the period in which the glands contain 
the X zone. As will be shown below, such replacement therapy was found 
to be adequate insofar as maintenance of life and growth were concerned. 

It was previously shown (Howard, 1927, 1930) that the X zone in mice 
has a definite relationship to testicular hormone, in that the X zone devel- 
ops to a much greater extent after castration, and it was suggested that 
this zone is concerned in the adrenal cortex-reproductive system relation- 
ship. Considerable clinical evidence exists concerning reproductive ab- 
normalities associated with cortical tumors (recently reviewed by Groll- 
man, 1936), notably the accentuation of male secondary characteristics in 
the female. 

Howard and Grollman (1934) found that extracts of non-X zone-bearing 
adrenal cortex containing large amounts of the life-maintaining cortical 
hormone were without effect on the female reproductive tract in rats, and 
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no indication was obtained of any imitation of the effects ascribed to cor- 
tical tumors in the clinical literature. At that time we were inclined to 
minimize the significance of such effects, but clinical evidence continues to 
accumulate which appears to strengthen the possibility that cortical neo- 
plasms affecting sex characteristics might be tumors, not of the permanent 
cortex, but of the X zone, and experiments were initiated to obtain evidence 
on this point. Grollman has elaborated this thesis (1936) but no direct 
evidence has been presented. However in cases of “adrenal cortical 
hyperfunction”’ Goldzieher and Koster (1935) have observed enlarged 
adrenals which show the presence of tissue resembling the X zone. In the 
human this tissue ordinarily disappears at birth. Other histological de- 
scriptions may also be interpreted as evidence of abnormal X zone retention 
in cases of virilism. Hence it would be of clinical as well as theoretical in- 
terest to obtain some actual evidence as to whether or not the X zone either 
inhibits ovarian activity or stimulates male secondary characteristics 

It has frequently been stated that a large percentage of rodents survive 
bilateral adrenalectomy because of the diffuse distribution of cortical ac- 
cessory tissue. (For references see Firor and Grollman, 1933.) However 
it has been shown by Pencharz, Olmsted and Giragossintz (1931) and Firor 
and Grollman, that with adequate surgical technique adrenalectomy in 
rats and rabbits is followed by death within a few days. Only a few ex- 
periments with mice were reported by the latter authors. In view of the 
discrepancies in the literature, I have made observations on the effects of 
adrenalectomy in mice. 

EXPERIMENTAL. <A group of male mice (3 weeks of age) were adrenal- 
ectomized under ether anesthesia. A lumbar approach was used. The 
adrenals were removed by grasping the mesentery medial and proximal to 
the gland. The gland itself was not touched. If it was necessary to use a 
second pair of forceps they were applied proximal to the first while the 
first was still in position. The connective tissue was then cut proximal to 
the forceps, without any ligation in one group and with ligation in a second 
group. Occasionally an immediately fatal hemorrhage resulted, but in 
most cases bleeding soon stopped, even without any ligation, and the ani- 


mals recovered promptly from the immediate effects of the operation 
The survival periods of the animals which recovered from the operation are 
given in table 1. 


It may be seen that of 18 mice adrenalectomized without ligation, all 
died within 12 days. The most frequent survival period was 4 days 
However, when ligation of the vessels was performed the results were in- 
ferior from the point of view of successful extirpation of the gland. Of 
this group five survived over 20 days, and grew to adult size. In these the 
gland had been broken at operation. The procedure of ligation was there- 
fore discontinued in subsequent work. Slight gains of weight were noted 
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in 5 of the animals in the first group, particularly in those which survived 
for 12 days, but in most cases there was an actual loss of weight by the time 
death occurred. Thus it is evident that young mice are no exception to 
the rule that adrenalectomy is uniformly fatal if extirpation is complete, 
and that they die following a short period of inhibited growth. Contrary 
to Firor and Grollman’s experience (1933) I find that adrenalectomy in 
young mice presents no particular surgical difficulties, and thus confirm 
their conclusions on other rodents. 

In order to test the ability of extracts of non-X zone-bearing adrenals to 
replace glands with an X zone, the following experiments were performed. 

Young female mice 21 days of age were divided into control and experi- 
mental groups. The latter were bilaterally adrenalectomized under ether 
and subsequently treated orally with an excess of cortical extract made 
from pig adrenals which do not contain a morphologically differentiated X 
zone.! The active principle of the cortex was adsorbed on charcoal. This 
preparation was administered fresh daily by mixing it with the powdered 
ration (Grollman, 1936).2. Thus these mice received as substitution 


TABLE 1 


Survival of mice following adrenalectomy 


SURVIVALIN DAYS 


over 


Mice, no ligations 


Mice, with ligation 

therapy material from the permanent cortex but were not treated with any 
extract from X zone tissue. The controls were submitted to an operation 
under ether in which all incisions made in the adrenalectomy were per- 
formed but the adrenals were left intact. These controls were placed in 
the same cages and given the same rations as the adrenalectomized, thus 
receiving the same charcoal adsorbate. Since it has been shown (Howard 
and Grollman, 1934) that an excess of the cortical hormone does not ap- 
preciably affect either growth or the function of the female reproductive 
tract, we are concerned in this experiment only with a possible difference 
between animals bearing X zone and those without X zone, insofar as we 
may assume, on evidence presented below, the replacement of the perma- 
nent cortex to have been adequate. 


‘ Pig adrenals were obtained from slaughter house material. Histological exami- 
nation of the adrenals of an adult female and an adult castrated male did not reveal 
any X zone. 

? The charcoal adsorbate of cortical extract used in these experiments was kindly 
furnished by Dr. Arthur Grollman, to whom I wish to express my appreciation. 
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Animals were weighed at intervals and examined daily for patency of 
the vagina. After the vaginal opening was established smears were taken 
twice daily, by means of a very small smooth glass rod 

During the first three weeks following adrenalectomy the weight of the 
animals approximately doubled. Average weights at operation were: 
adrenalectomized 8.33 grams, controls 7.79 grams. During an average 
interval of 19 days, the adrenalectomized gained an average of 0.401 gram 
per day, the controls 0.431. Thus the adrenalectomized were about 7 per 
cent behind the controls in growth rate during the interval. This is of 
doubtful significance since it may be due at least in part to the fact that the 
experimental animals were slightly heavier at the beginning. At the end 
of the interval the average weights were: adrenalectomized 15.95 grams, 


controls 16.15 grams, a deficiency in the adrenalectomized of only one per 


cent. Injections of extracts were tried on some animals, but growth was 
less satisfactory than with oral treatment; the latter probably gives a 
greater effective continuity of treatment. 


TABLE 2 
Occurrence of serual maturity in normal and adrenalectomized mice on cortex 


replacement therapy 


AGE OF 
NUMBER AGE OF nua AGE FIRST 
RST 
DESCRIPTION OF VAGINAL VAGINAL 
CORNIFICA 
ANIMALS OPENING PLUG 
TION 


Mice with X zone in cortex 
Adrenalectomized on replacement 
therapy 


It is evident that body growth was maintained at a practically normal 
level. Wemay conclude that surgical removal of the X zone does not need 
to be compensated by an X-zone extract in order to maintain life and 
growth in young animals. 

The second point involved in this experiment is whether the X zone has 
any inhibitory action in regard to ovarian activity. If the X zone has such 
effect one might expect to find that the adrenalectomized would show an 
earlier sexual maturity than the control animals. However, no evidence 
whatever of any such effect was observed. The results are presented in 
table 2, where it will be seen that as far as indicated by the ages of first 
oestrus or the fertility of first coitus, there is no evident removal of any in- 
hibitory effect on the ovary. On the contrary, there is an eight per cent 
retardation of the treated adrenalectomized animals over the controls. 
Since this is about the degree of the retardation in growth rate, it is prob- 
ably due to the difficulty of producing experimentally a completely ade- 
quate replacement therapy, rather than the specific result of the absence 
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of the X zone. Nevertheless, in spite of this slight retardation in the age 
of puberty, the percentage of implantations following vaginal plugs is 
slightly higher in the adrenalectomized than in the normal controls, but 
the difference is too small to be considered significant. 

Hence we may conclude that the X zone in female mice does not exert 
any appreciable repressive action on the maturation of the female repro- 
ductive system. 

Discussion. In Goldzieher and Koster’s (1935) description of 5 cases 


‘ 


of ‘‘adrenal cortical hyperfunction” they present photographs of the en- 
larged adrenals, which contain a differentiated tissue resembling X zone. 
This they consider to be 
zone-’ The present findings in mice indicate that abnormal retention of 
X zone in the human should probably not be considered the immediate 
cause of the amenorrhea in these cases insofar as the latter may be an in- 
dication of suppression of ovarian secretions. 

It has been shown by Reichstein (1936) that extracts of adrenal cortex 
may contain a substance which stimulates capon comb growth. It is 


‘ 


‘a pathognomonic alteration of the reticular 


possible that the X zone is a source of this material. The finding that the 
X zone does not exert an appreciable inhibitory effect on the female re- 
productive tract should not be interpreted as evidence against the thesis 
that it may stimulate male secondary characters. Moore and Price (1932) 
have shown that (at least in the adult)’ there does not appear to be an an- 
tagonism, in the sense of Steinach, between male and female hormones. 
Male and female hormones when injected together in moderate quantities 
stimulate homologous accessories but have no effect on heterologous ac- 
cessories. Large quantities of the heterologous hormone may result in 
inhibition of the recipient’s own gonads by suppression of pituitary gonado- 
tropic function. In fact, rather than there being an antagonism between 
the sex hormones, it has been recently reported (Butenandt and Kudzus, 
1935, and Deanesley and Parkes, 1936) that certain androsterones stim- 
ulate the expression of both male and female secondary characteristics. 
The production of a substance of some such dual character by the adrenal 
might explain the effects of tumors better than a substance which is simply 


the equivalent of the testis hormone. Presumably such an adrenal hor- 


mone does not duplicate the action of either theelin, testosterone, or their 
summation. 


SUMMARY 


Mice are no exception to the rule that total adrenalectomy in mammals 
is fatal. 
Extract of adrenals without X zone furnishes satisfactory replacement 


Compare Willier, Gallagher and Koch (1937) for results of hormone treatments 
of chick embryos 


ADRENAL-GONAD RELATIONSHIPS 


therapy for female mice deprived of adrenals whict 


zone. 


No evidence was obtained of any inhibition or antagonism of 


tivity by the X zone 
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In stimulation experiments bearing on peripheral nerve fibres attention 
has been drawn to the fact that the time course of each single stimulating 


shock should be adapted to the time excitability of the nerve fibres con- 
cerned (Wyss, 1932, 1934). 

For stimulation of nervous centers or pathways within the nervous sys- 
tem this most important principle of time excitability has not been taken 
into account except by a few investigators. The first step in this direction 
was made by Hess (1932) who, in his experiments on localized stimulation 
in the brain stem found that currents of longer duration and somewhat 
slower rising phase are much better adapted to the slower reacting vegeta- 
tive system than faradic current. Induction shocks show an especially 
low threshold for the short reacting somatic nerves. But these “damped” 
current waves do not show this especially low threshold for the fast somatic 
fibres and are therefore much more useful for localizing stimulation experi- 
ments. 

Furthermore alternating current stimulation has been substituted for 
the old faradic current technique (Vogt, 1933; Boynton and Hines, 1933). 
But alternating current is not free from another disadvantage of the old 
faradic stimulation technique. The high rate of stimulation may not only 
cause different kinds of summation phenomena as yet imperfectly under- 
stood, but also prevents an accurate analysis of motor responses. More- 
over, alternating current stimulation implies the impossibility of changing 
the frequency without changing also the time course of each single wave, 
and therefore breaks a fundamental rule of electrical stimulation, to wit, 
that the shape of each single stimulus on one side and the rate of stimula- 
tion on the other should be variable independently from each other (Wyss, 
1935). 


' This work was aided by a grant from the Research Funds of the Yale University 
School of Medicine. 
2 Fellow of the Rockefeller Foundation. 
3 Working under a grant of the Junta para Ampliacién de Estudios (Madrid). 
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All these points are considered when repetitive “double condenser dis- 
charges” are used, 7.¢c., when for any given frequency the rising phase and 
in proportion to it, the duration of each current pulse can be changed 
extent whatever, provided that one complete discharge does not last | 
than the interval determined by the rate of stimulation. There must be 


found an intermediate current duration of optimum stimulating efficiency 


The time course of this optimum current pulse is in close relationship to the 


time excitability of the tissue concerned; it is short for ‘“fast’’ and long for 
“slow” excitable tissues. For peripheral nerve fibres, if determined under 
similar experimental conditions, the rising phase of such an optimal current 
wave is equal to about ten times Lapicque’s chronaxie (Wyss, 1934). Thus 
the use of repetitive double condenser discharges in electrical stimulation 
does not only provide for the adequate shape and rate of stimuli, but by the 
determination of the optimum current duration, it yields also a measure- 
ment, though not very accurate, of the time excitability. 

The experiments which are about to be described in this paper were per- 
formed in order to disclose the most adequate time course required for 
electrical stimuli applied to the cerebral motor cortex. Where repetitive 
stimuli were used, additional remarks will be made regarding the most 
suitable rate of stimulation. 

MetuHop. Seventeen stimulation experiments were carried out on 12 
monkeys (Macaca mulatta) and one baboon (Papio papio) under either 
light ether, or chloralose, or dial anesthesia. In some animals two experi- 
ments were conducted on subsequent days, using first one and then the 
other hemisphere. Ether was administered by the open drop method; 
chloralose and dial (Ciba) were given intraperitoneally, 0.12 gram and 0.5 
ec. per kgm. respectively. The motor cortex was widely exposed on one 
side and kept moist and warm throughout the experiment with cotton-wool 
swabs soaked with warm Ringer solution. 

Bipolar stimulation was used. Two thin silver wires ending in small 
knobs which were chlorinated electrolytically, were fastened together at 
from 1 to 2 mm. distance and applied to the cortical surface either by hand 
or by adirigible clamp. During the experiment the animal was suspended 
in a hammock which permitted arms and legs to hang pendent. In some 
cases the head was fixed in a special head clamp. 

The stimulating current was delivered by a condenser discharge stim- 
ulator especially designed for these experiments, which will be described 
elsewhere (Wyss, 1937). This stimulator yields either single or double 
condenser discharges of variable but well determined duration and strength. 
Single shocks were produced by means of a Morse contact key, repetitive 
stimuli through a rotating commutator. In order to protect the cortical 
tissue from any possible polarization by one-way pulses, alternating pulses 
of the same shape, duration and strength were used. 
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‘The motor responses were observed by careful inspection or palpation ot 
the intact limbs. The results obtained with double condenser discharges 
were plotted on semi-logarithmic coérdinates, as shown in figure 1, using 
different signs for no response, very slight, slight, clear and strong responses 
The abscissa represents a logarithmic time scale indicating the duration in 
milliseconds of the rising phase of the double condenser discharges. The 
ordinate gives the stimulation voltage in volts, z.c., the peak potential of 
the double condenser discharge between the stimulating electrodes. In 
some experiments comparative chronaxie measurements were carried out 
with the same stimulator, using single condenser discharges. 


= RISING PHASE IN MILLISECONDS 
5 7 2 4 6 170 20 4060100 
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ABDUCTION 
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FINGER 


Fig. 1. Single shock stimulation, with double condenser discharges, of two motor 
points of area 4, under dial anesthesia. Abscissa: duration of the rising phase of the 
single current pulse, in milliseconds. Ordinate: stimulation (peak) voltage at 
stimulating electrodes, in volts. O = no response, © = very slight, ® = slight, 
@ = clear, © = strong response. The optimum current duration is for flexion in 
the hip about twice that for abduction of the index finger. The corresponding 
chronaxie values lie around 2 milliseconds and 1 millisecond respectively. 


Resutts. /. Responses from motor corter (area 4). Under light 
ether as well as under chloralose or dial anesthesia the motor points of 
Brodmann’s area 4 were found to be readily responsive to single shock 
stimulation, either with single or double condenser discharges. The cor- 
responding motor reactions appear as isolated simple movements, like 
short twitches,‘ in distal or proximal muscles. Some few points yielding 
similar responses in proximal muscles were found in the posterior part of 
the premotor cortex (area 6 Brodmann, 6aa Vogt). From all these motor 
points facilitation could be produced with a few successive stimuli at a 
rate of even less than one per second. As a rule the threshold for a per- 


‘ The term ‘“‘twitch’’ is used to describe a brief contraction which may or may not 
be a twitch in the technical sense 
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ceivable response Was found to be somewhat 
distal movements 


On 45 particular motor points representing mainly fins 


hand and foot, but also some gross movements in proximal muscles, 


optimum current duration was determined with double condenser 
charges. Optimum stimulating efficiency, 7.¢., lowest threshold values 
were obtained with a rising phase of the double condenser discharges « 
from about 7 to 20 milliseconds, corresponding to a full wave duration ot! 
from approximately 35 to 100 milliseconds. Rather high values wer 
found for proximal movements, whereas the shorter waves were confined 
with the more discrete distal movements, especially in the hand. Figure | 
gives a characteristic example, showing a marked difference in the optima! 
current duration for two motor points of the same cortex (both in area 4, 
adjacent to the anterior wall of the central sulcus), under dial anesthesia 
The optimum rising phase lies around 7 milliseconds for abduction of the 
index finger, and around 15 milliseconds for flexion in the hip. We may 
infer that the cortical time excitability for the former movement is about 
twice that for the latter. Comparative chronaxie measurements, although 
not very accurate on account of difficulties in obtaining constant and iden- 
tical threshold responses, showed values in the neighborhood of 1 milli- 
second for abduction of the index finger, and of almost 2 milliseconds for 
flexion in the hip. But the determination of the time excitability with 
progressively increasing and decreasing current pulses, because of the fact 
that it includes also the accommodation process of excitation, seems to be 
a much more reliable test for time excitability, especially in those cases 


where the simple chronaxie measurement does not give higher accuracy. 
Moreover, one determination of the optimum current pulse takes no more 
time than one chronaxie measurement, for sufficiently long intervals must 
be observed between successive stimulations in order to avoid facilitation. 

The difference in the time excitability for proximal and distal movements 
is not always as marked as shown in figure 1. But a general survey of the 


results obtained on 45 motor points reveals that out of 10 proximal re- 
sponses 8 showed an optimum rising phase of more than 10 milliseconds and 
only 2 one of about 10 milliseconds; whereas out of 23 cases of distal re- 
sponses in the upper extremity the optimum rising phase was 10 or less 
milliseconds in 17, and above 10 milliseconds in 6 cases. For distal 
responses in the lower extremity the same number of cases was found on 
either side of 10 milliseconds. No differences in the time excitability of 
these motor points due to the different anesthetics used could be noted, 
although under chloralose the threshold for electrical stimulation was 
generally higher than under dial or light ether anesthesia, which was in 
contrast to the fact that under chloralose epileptic seizures were easily 
elicited by short stimulation of single foei of the motor area. 


ag & 
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Repetitive stimuli applied to one of the motor points of area 4 at a rate of 
about 2 per second gave a simple repetition of short uniform “twitches,” 
each single “twitch” corresponding to each single stimulating shock. At 
higher rates (from about 10 a second upwards) a steady tetanic contraction 
occurred which has become well known through earlier experiments in 
faradic stimulation as “‘sustained movement” (see Bucy, 1933), or as ‘“‘ton- 
ische Spezialbewegung”’ (C. and O. Vogt, 1907, 1919). But it has to be 
emphasized that the apparently “‘sustained”’ or “‘tonic’’ character of that 
response is not to be attributed to a special functional property of the cor- 
tical motor center. So far there is no reason for the belief that this sus- 
tained contraction differs from the response to single shock stimulation any 
more than an ordinary muscular tetanus due to sufficiently high stimula- 
tion rate, differs from a single muscle twitch. The fundamental motor 
response from motor points of area 4 is not sustained at all. It merely 
appears as a sustained movement with the high frequency of faradic or 
alternating current stimulation. 

2. Responses from premotor corter (area 6). A striking difference was 
found between the simple “twitches” obtained with a low rate of stimula- 
tion from motor points of area 4 and the typical premotor response which 
could be elicited with the same low rate of stimuli (but at a higher thresh- 
old) from parts of area 6 which were completely unresponsive to single 
shock stimulation. Those characteristic premotor responses, however, 
were only observed under very light ether anesthesia, and even then not in 
all cases. It seems that the responses from premotor stimulation are sup- 
pressed not only by the barbiturate derivates as pointed out by Fulton and 
Keller (1932), and by chloralose as found in the present experiments, but 
also to some extent by ether. It was therefore only occasionally that full 
premotor effects could be elicited. 

Successful stimulation of area 6 either with single or double condenser 
discharges resulted in a most characteristic motor response whenever the 
stimuli followed each other at arather low rate. Reproducible results were 
obtained even at as low a rate as 2 per second. Such a typical premotor 
response, for example, appears after a latency or summation period of, say, 
10 seconds with a first small ‘‘twitch”’ in some distal or proximal muscles, 
which becomes greater and greater with each following stimulus. Suce- 
cessively more and more muscles are involved in the response. But most 
remarkable is the fact that no complete relaxation occurs between subse- 
quent shocks, as would be the case if a motor point of area 4 were stimu- 
lated at the same rate. Each single contraction is sustained by itself and 
thus each becomes superimposed on the preceding one, and the whole 
motor response results in a progressive and sometimes apparently purpose- 
ful movement (e.g., withdrawal of the leg). At the end of stimulation a 
relatively slow relaxation occurs. A period of hyper-excitability ensues, 
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during which the same region of the cortex reacts to single stimuli with 
strong contraction representing the movement performed during stimu! 


tion. Then hypo-excitability follows, as shown by the fact that a second 
similar series of stimuli applied shortly afterwards to the same corti« 


ili 


area fails to produce a response. These findings recall the phenomena ot 
facilitation and extinction on stimulation of the cerebral cortex as de- 
scribed by Dusser de Barenne and MeCulloch (1934-35). If the stimula- 
tion continues, the motor response spreads out more and more, involving 
both contralateral extremities and sometimes also the whole body axi-, 


and thus becomes quite complex in character. No sign of extinction ha- 
been observed while stimulation was going on, probably because the period 
of stimulation was not long enough. After cessation of a somewhat pro- 
longed stimulation clonic epileptiform after-effects and more or less 
generalized epileptic fits are of ordinary occurrence. All these gross 
motor effects which finally appear with prolonged stimulation have re- 
peatedly been described from faradic stimulation of the premotor cortex 
as “complex progressive and rhythmic movements” (see Bucy, 1933), as 
“Kinstellungsbewegungen”’ (C. and O. Vogt, 1907, 1919), or as ‘synergic 
and mass movements” (Foerster, 1936). But nowhere could the intimate 
mechanism of the development of a premotor response in a relatively small 
group of muscles be observed, on account of the too high frequency com- 
monly used in faradic stimulation. 

An attempt was made to determine the optimum duration for double 
condenser discharges eliciting the described premotor response at a rate of 
2 (7.e., 4 alternating) stimuli per second. Only in one experiment, however, 
could a very light ether anesthesia be kept at a level sufficiently constant 
to carry out the desired number of comparable premotor stimulations. It 
was found that current waves with a rising phase between 10 and 30 milli- 
seconds give some characteristic premotor effects, whereas no response 
could be obtained with either faster or slower waves. Moreover, single 
condenser discharges showed a higher efficiency in producing responses 
from area 6 than double condenser discharges of optimum duration and the 
same peak intensity. But no conclusions may be drawn from these ob- 
servations. They merely give some evidence in favor of the belief that the 
excitability of the cortical premotor system is of a rather complex type. 

ComMENT. The efficiency of single shocks on the motor cortex (Fritsch 
and Hitzig, 1870, and quite a few authors since) permits the assumption of 
a rather simple mechanism of cortical excitation, so far as single motor 
foci in area 4 are concerned. Some authors, (A. and B. Chauchard, 1925, 
Bourguignon, 1928), even suppose that we are dealing here with a motor 
system of uniform time excitability equal to the time excitability of the 
corresponding nerve and muscle. They postulate Lapicque’s “‘iso- 
chronism” for the entire pyramidal motor system. The experiments re- 
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ported here, however, show that the optimum current pulse and therefore 
the time excitability are obviously slower for cortical stimulation than 
they would be for peripheral stimulation of the corresponding motor 
effectors. The fact that rather slower optimum currents are found for 
proximal than for distal movements is in contrast with the peripheral dis- 
tribution of the time excitability, especially in the upper extremity, as 
stated by Bourguignon (1923), z.e., that in man chronaxie is longer in dis- 
tal than in proximal muscles. That the slower cortical excitability is due 
to an influence of the anesthetics used, 7.e., that without any anesthesia 
shorter current pulses would be of optimum efficiency, seems very un- 
likely, for identical results were obtained under very light ether, moderately 
deep.ether, and dial and chloralose anesthesia. We may therefore con- 
clude that by cortical stimulation a rather complex system is brought into 
activity; and its complexity is probably due to a different structure of the 
nerve elements in the cortex itself. Additional evidence for a rather slow 
cortical motor excitability may also be adduced from chronaxie measure- 
ments carried out by Cardot, Regnier and Santenoise (1926) on the un- 
anesthetized dog, which show normal values up to several milliseconds. 

It follows from the results reported here that current pulses of rather 
long duration should be employed for the electrical stimulation of the cere- 
bral motor cortex. It has to be emphasized that stimulation of cortical 
elements with faradic current, 7.e., with induction shocks of rather short 
duration (mostly less than one millisecond), demands a very high stimulat- 
ing voltage, as may be estimated roughly from figure 1 (see also Schiff, 
1874, and Bubnoff and Heidenhain, 1881, p. 145). Thus spread of current 
and excitation of the shorter reacting nerve fibres of the underlying white 
matter may easily occur, especially if monopolar stimulation is used. For 
real ‘‘cortical”’ stimulation, therefore, we have to use either bipolar or so- 
called concentric electrodes and current pulses of an effective duration 
(utilization time) of about 10 milliseconds; and even slower than optimum 
currents must be used, if a special attempt is made to avoid direct stimula- 
tion of the corticofugal fibres. The optimum frequency for stimula- 
tion of cortical motor elements with alternating current is calculated to lie 
around 25 cycles a second, insofar as shape and duration of each single 
wave are concerned. But Boynton and Hines found higher values, v7z., 
60 to 90 cycles, whence we may infer the existence of an integrating action 
of subsequent shocks, 7.e., facilitation, provided that spread of current to 
the descending fibres is excluded. 

For repetitive stimulation of the cerebral cortex it is very important to 
keep the rate of stimuli as low as possible. This is clearly demonstrated 


by the comparative analysis of motor (area 4) and premotor (area 6) 


responses. Stimulation with a few shocks per second reveals a fundamen- 
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tal difference in the mechanism of these two forms of 

sponses, Which can be recognized from simple observation 

obtained, but which needs a further myographic and electrophysiologiv 
investigation.” Whereas the area 4 response looks like : 

of single excitation processes, the functional structure of an are: 
appears to be much more complex. But for successful stimulation of 
premotor cortex at such a low rate as 2 per second each single ¢ 


pulse must last long enough to be of maximum stimulating efficien 


The characteristic features of a typical premotor response are 1, 4 lon 


latency, viz., summation or facilitation period, during which the excitability 
of either the cortex or some subcortical center is enhanced until a threshold 
response appears; 2, a growth in the successive particular contraction- 
viz., motor recruitment; 3, a retardation in the relaxation from each singl 
contraction, apparently due to strong after-discharge in the single excita 
tion process; 4, a period, after cessation of stimulation, of hyper-excitabilits 
(facilitation) followed by hypo-excitability (extinction). This ‘premotor 
response’, as it is described here and which resembles a purposeful somati: 
movement, is obtained by stimulation of area 6 in an intact motor cortex 
and could not be reproduced after cutting the cortex between area 4 and 
area 6. It seems therefore very likely that this typical premotor effect i- 
brought about by a combined activity of these two regions, which is i 
accord with the fact discovered by C. and O. Vogt (1907, 1919) and con- 
firmed by Bucy (1933) that responses from premotor stimulation are medi- 
ated not only by direct extrapyramidal projections, but also partly through 
area 4. Pure area 6 responses, as obtained by the Vogts and by Bucy 
after section between 4 and 6 and which perhaps also persist after removal 
of area 4 and degeneration of the cortico-pyramidal system, may then be of 
a different and more elementary type. 

There is no hard and fast line between area 4 and area 6 of the cerebral 
motor cortex, so far as their normal physiological function is concerned 
But their adjacency to each other and the development of their topical 
relations from ape to man (see Foerster, 1931) suggest an intimate co- 
operation between them. These two motor regions belong and act to- 
gether in the performance of the more highly organized voluntary motor 
functions. 


5 It may be noted that Cooper and Denny-Brown (1928), who investigated the 
responses to stimulation of the motor cortex with torsion wire myograph and string 
galvanometer, using low rates of stimuli down to 4 a second, found discrete myechani- 
cal waves in response to each stimulus but several secondary waves in each sing: 
electrical response. Adrian (1936) found in the early stage of repetitive stimulation 
a single action current volley in the muscle for each stimulus to the cortex, whic] 
later develops into a multiple response 
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SUMMARY 


Motor cortex and premotor cortex in monkeys have been stimulated 
with single and repetitive condenser discharges of varying rising phase and 
duration, and the motor responses have been observed by inspection of the 
intact somatic movements. 

Single motor foci of area 4 react to single stimuli with a short twitch in 
the corresponding muscles. Optimum current duration is obtained with a 
rising phase between 7 and 20 milliseconds, whence it is concluded a, that 
the time excitability of the cortical origin of the pyramidal motor system 
is slower than that of the peripheral motor paths, and b, that faradic cur- 
rents, 2.e., induction shocks, are much too short to be considered as ade- 
quate stimuli for cortical motor elements. 

If repetitive stimulation is used, the rate of stimuli has to be kept as low 
as possible in order to bring about an accurate analysis of motor responses. 
From stimulation of the premotor cortex (area 6) a characteristic response 
has been obtained down to 2 stimuli a second, but only with current pulses 
of maximum stimulating efficiency, e.g., condenser discharges with a time 
constant of at least 10 milliseconds. This “premotor response”’ is essen- 
tially different from the response to repetitive stimulation of single foci in 
area 4. It seems to be due to simultaneous activity of areas 4 and 6 of the 
cerebral motor cortex. 


The authors wish to acknowledge their indebtedness to Prof. John F. 
Fulton for the privilege of working in his Laboratory and for his stimulating 
interest in this work. 
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Olmsted and Read (1), Tsai and Yi (2), and Giragossintz and Olmsted 
(3) have reported that the blood sugar level is usually higher in the hepatic 
than in the portal vein (decapitate cats or amytalized dogs) even after 
the subcutaneous or intra-intestinal injection of glucose. It seemed im- 
portant to repeat these observations upon unanesthetized animals, since 
the conclusions drawn indicated that glucose when absorbed from the 
intestine was not removed from the portal vein and converted into liver 
glycogen. Since the inception of our studies, Tsai and Yi (4, 5) have 
reported further observations upon unanesthetized cats in which modified 
London cannulae were placed on the portal and hepatie veins, and have 
stated that after the administration of glucose or foods high in carbo- 
hydrate the sugar content of the blood entering the liver is sufficiently 
higher than that in the outflowing blood to indicate glycogen formation 
from absorbed glucose. However, they did not determine blood lactic acid, 
which we have found to undergo interesting variations under these condi- 
tions. 

Metuops. Normal dogs, selected only as to size (15 kgm. or over) were 
subjected to fixation of cannulae on the portal and hepatic veins, the two 
stage technique of London (6) being used with slight modifications. Care 
was taken to place the cannula on the portal vein just below its bifurcation 
Two or three weeks were allowed for healing after the cannulae had been 
sutured in place, and the animals were trained to lie quietly during the 
experiments. In each experiment portal, hepatic, and systemic (cephalic 
or saphenous leg veins) venous samples and a sample from the femoral 
artery were removed after a 12 to 18 hour fast. Glucose (20 grams) was 
then given by stomach tube, and similar blood samples removed 30 and 90 
minutes after tubing. (Hereafter the systemic venous sample will be 


referred to simply as the ‘‘venous” sample; portal-hepatic, arterio-portal, 
and arterio-venous differences as P-H, A-P, and A-V differences.) Blood 
sugar was determined either on copper sulphate-sodium tungstate filtrates 
(7), or on zine sulphate-sodium hydroxide filtrates (8), both yielding “true”’ 
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acid was determined by a modification (10 
Cotomo and Shaffer (11). The total blood | 
amounted to 120 ce., which was easily tolerated by these I: 
experiments were seldom repeated more than once each 
minations of the cell volume: plasma volume ratio were m: 
of instances. 

Our experience with the London cannula technique has b 
factory. In the dog permitted to survive longest, no difficulty in obtaining 
portal and hepatic samples was experienced over a four month period. 
The cannulae used were silver plated and varied from 8 to 14 em. in length; 
the needles were 18, 19 or 20 gauge and proportionately longe1 

Resuutts. As shown in tables 1 and 2, 7 experiments were performed on 
5 dogs. During fasting the hepatic blood uniformly contained a higher 
percentage of sugar than was present in the portal samples. Our caleu- 
lations of the average sugar content of the blood entering the liver are 
based upon the usual assumption that the portal contributes }, the hepatic 
artery }, of the inflowing blood. However, the differences observed are 
sufficiently great so that conclusions drawn from observations of the P-H 
difference alone are not changed even when revised on the basis that the 
hepatic artery may contribute 3 of the inflowing blood. The variation 
between the P-H difference and the I-O (inflowing-outflowing) difference 
is usually only a few milligrams, as may be seen in table 1. 

Our findings with regard to the liver are entirely consistent; in every case 
this organ was adding glucose to the blood when the control (fasting) 
samples were taken, and removing glucose after the oral administration of 


that substance. The removal of sugar from the blood was usually greatest 


at the half-hour sample and was beginning to decrease at the 90 minute 
period. The mean values of all experiments for I-O differences are as 
follows: control, liver adding 8 mgm. per 100 ce.; 30 minutes after glucose, 
liver removing 12.7 mgm.; 90 minutes after glucose, liver removing 5 mgm. 
Since the portal value exceeded the arterial at the 30 minute period by an 
average of 24.3 mgm. and at the 90 minute period by 11.4 mgm. per 100 cc., 
it is clear that after the ingestion of glucose the liver in these animals 
removed glucose about half as rapidly as it was absorbed from the intestine. 

The behavior of the intestine and of skeletal muscle, as judged by A-P 
and A-V differences, is not as consistent as that of the liver. In control 
samples the gastrointestinal tract was removing glucose from the blood 3 
out of 7 times; in the other 4 controls the differences were within the limits 
of experimental error, except in experiment 4 where absorption of glucose 
from the gut appeared to be taking place. This addition of glucose by the 
intestine in experiment 4 did not, however, seem to alter the usual sequence 


sugar values. Duplicate determinations by the method of Shaffer and 
somogyl (9 on these two tvpes ot filtrates agreed within 2 mgm Lactl 
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of events during sugar absorption. It is interesting to note that the A-P 
difference may amount to as much as 40 mgm. per 100 cc. after glucose is 
given. The skeletal muscles were removing significant amounts of glucose 
during 5 of the control samplings; in the other 2 instances the values were 


within the limits of error. The increase in blood sugar subsequent to 


TABLE 1 
Blood sugar content of hepatic, portal, venous and arterial blood during 
glucose absorption 


EXPERI- 
DOG NUMBER TIME PORTAL HEPATIC INFLOW H-P 


MENT ARTERY 


76 


LC Ill 93 
129 
82 


94 
160 
182 


87 
128 
96 


98 
150 
163 


109 
114 
92 


C 73 78 74 
30 123 104 117 —19 
90 134 125 130 9 


C = Control fasting sample before glucose ingestion. 


glucose administration brought about no consistent change in the A-V 
difference. 

Although the P-H lactic acid differences (table 2) are not as marked as 
is the case with the blood sugar, lactic acid was being-removed by the 
liver in all but two of the control samples (experiments 3 and 4). It is 
especially interesting that in every case this process was reversed after 
the administration of glucose, and the liver either added appreciable quan- 


Gl 92 94 92 2 2 90 86 —4 
30 136 97 126 —39 —29 97 97 0 
90 100 96 98 —4 —2 93 92 —] 
LC Il G2 C 83 93 85 10 8 90 82 8 
30 114 12] 114 7 4 114 108 —6 
90 113 110 112 -3 2 106 101 5 
LC II G3 c 87 98 89 11 9 94 86 —§ 
30 144 126 134 —18 18 105 104 —| 
90 73 |_| 73 3 3 71 68 —3 
88 3 5 83 84 1 
152 —29 —23 130 127 —3 
97 —19 —15 82 83 | 
FV G5 94 4 94 92 —2 
30 154 —10 —4 135 130 —5 
90 176 19 —13 161 158 —3 
LC V G6 CS 87 23 an 89 86 —3 
30 123 —14 —Q 109 107 —2 
90 93 —4 —1 86 83 —3 
LC V G7 4 77 74 —3 
-13 100 94 —6 
—5 120 116 
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tities of lactic acid to the blood or ceased removing this substance. A-\ 
lactic acid differences compare favorably with those found by other 
investigators, and it appears that glucose absorption fails to influence the 
addition of lactic acid to the blood by the gastro-intestinal tract or skeletal 
muscle. It is significant that there is no uniform tendency for the blood 


TABLE 2 
Lactic acid content of hepatic, portal, venous and arterial blood 


glucose absorption 


DOG NUMBER MENT TIME PORTAL HEPATIC INFLOW H-P 


ic! Gl 
30 


LC Ill 


26 
30 24 26 
90 22 21 


C = Control sample before glucose ingestion 


lactic acid to rise during glucose absorption, even though the liver has 
ceased removing and in most cases is adding this substance. 


Discusston. Chemical analyses should be of a high order of accuracy 
if tissue activity is to be judged by determinations on inflowing and out- 
flowing blood. Cori, Fisher and Cori (11) have assumed that under opti- 
mal conditions the error involved in blood sugar determinations may be + 
] mgm. per cent; we believe that differences of 2 mgm. or more in our 


min. 

16 14 15 2 l 12 18 6 

20 27 21 7 6 23 22 ] 

90 12 18 12 6 f 13 15 2 

iC if G2 C 20 17 18 3 l 12 15 3 
30 17 22 16 5 6 1] 15 4 

a0 16 14 15 ] l 14 17 3 

LC il G3 C 15 16 15 l l 15 14 l 
30 16 20 16 4 } 17 19 2 

90 14 12 14 2 2 14 13 —] 

| G4 Cc 18 19 18 ] ] 17 23 6 
30 22 25 21 3 4 19 19 0 

90 16 14 16 —2 2 14 15 l 

LC IV G5 C 7 3 6 } 3 5 6 | 
30 7 5 6 -2 ] 4 6 2 

90 10 8 2 6 3 

LC V G6 C 20 18 20 2 2 19 18 -] 
30 17 18 15 ] 3 12 17 5 

90 12 12 12 0) (0) 12 1] l 

LC V G7 27 -2 l 25 25 0 
24 2 2 24 25 l 

21 l 0 19 19 0 
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results are significant for both blood sugar and lactic acid. Changes in 
blood flow would affect the order of magnitude of the results, but could not 
account for the change from output to intake of sugar nor for the change 
from intake to output of lactic acid by the liver. We determined the cell- 
plasma ratio on each blood sample in a number of experiments. In no 
case were sufficient variations observed to change the results significantly. 

The withdrawal of the blood was accomplished without any sign of dis- 
comfort except in occasional instances when slight distress was produced 
by the arterial puncture. For this reason the arterial sample was usually 
taken after the portal and hepatic. The fact that the blood lactic acid 
values are well within the normal range and show no tendency to increase 
as the experiment progresses is evidence that emotional excitement was at a 
minimum. 

As Cori, Fisher and Cori (11) correctly point out, analyses performed 
during a period of rapid change in blood constituents are subject to an 
error due to diffusion from plasma to tissues or viceversa. In these experi- 
ments this criticism can apply only to the blood sugar determinations, 
since the level of lactic acid was sufficiently constant to obviate such an 
effect. But it is possible that the high values found for glucose retention 
by the liver at the 30-minute period may have been in part due to diffusion 
into the liver during the attainment of equilibrium between blood and 
tissue fluid. Such diffusion, however, takes place with great rapidity. 
In any case, retention by the liver at the 90 minute period when the blood 
sugar level was in most cases falling, definitely establishes an active with- 
drawal of glucose by that organ. 

As indirect evidence of the accuracy of the analyses, it may be pointed 
out that although the A-P and A-V sugar and lactic acid differences were 
in a number of instances between zero and —2, they did not exceed the 
latter value in any of the control samples. Only one improbable value, 
suggestive of analytical error greater than + 1 mgm., appears; it is in the 
lactic acid value for the 30 minute sample in experiment 1, where the 
arterial lactic acid exceeds the portal by 3 mgm. But this is during a 
period of a slightly rising blood lactic acid level. 

A number of previous investigators have observed retention of glucose 
by the liver after the administration of this substance, both in anesthetized 
(14, 15) and unanesthetized (16) dogs. We can find no previous reports 
of determinations of lactic acid differences after glucose in unanesthetized 
animals. Dubinsky (18) observed retention of lactic acid by the liver in 
angiostomized (London technique) animals after a mixed meal, although 
he states that in the fasting state the liver was adding lactic acid to the 
blood. In anesthetized animals, retention of lactic acid by the liver after 
the administration of glucose has béen uniformly observed (3, 18). And 
in 3 dogs under nembutal anesthesia we have been able to confirm the fact 


RESPONSE OF LIVER TO GLUCOSE BY MOTI 


that the liver retains lactic acid after injection of glucose into the 
But since this situation is reversed in the unanesthetized dog, it is apy 
that the conditions of the acute experiment produce a profound 
upon the hepatic metabolism. In view of our 
experiments of Tsai and Yi upon unanesthetized cats (4, : 
only by studies upon normal unanesthetized animals cai 
accurate picture of these metabolic processes. 
No previous investigations have suggested that during the process 
taking up glucose from the portal blood and storing it as glycogen, the 


liver might not only cease forming lactic acid but would actually liberat: 


this substance. Since the demonstration of a glucose-lactic acid cycl 
between liver and muscle by Himwich et al. (18), it has been generally 
assumed that the liver under most conditions removes lactic acid. While 
this is probable, production and liberation of lactic acid by the liver has 
been frequently observed. It is certainly not surprising that when an 
excess of glucose is present the live: ceases to use lactic acid for purposes of 
gluconeogenesis.! Lactic acid is known to be produced by liver slices 
in vitro; it may be presumed to be formed by the liver in the metabolic 
activity of this organ. In the presence of an excess of glucose the process 
of gluconeogenesis from lactic acid may cease, and the lactic acid formed 
by the liver itself escape into the blood. The fact that the blood lacti 
acid level does not rise even though both liver and muscles are adding this 
substance can only mean that other tissues which remove lactic acid ars 
able to prevent such an increase when the rate of addition to the blood 
stream is not too rapid. 


SUMMARY 


Blood sugar and lactic acid determinations on portal, hepatic, saphenous 
or cephalic leg venous, and on arterial samples, before and after the admin- 
istration of glucose to normal unanesthetized dogs with cannulae on the 
portal and hepatic veins (technique of London) have teen made. In the 
fasting animal the liver added glucose (average 8 mgm. per 100 cc.) to the 
blood and removed or did not change lactic acid. The skeletal muscles 
and gastro-intestinal tract removed or did not change glucose and added or 
did not change lactic acid. 

After the oral administration of glucose the portal venous blood con- 
tained up to 40 mgm. more of this substance than arterial blood, and up to 
29 mgm. per 100 ec. were removed by the liver. Removal of glucose by 


1 The term gluconeogenesis is employed as used by Macleod, to mean the con 
version of any non-carbohydrate substance into carbohydrate. Although lactic 
acid participates in the well known cycle, it is chemically not a carbohydrate. It 
may be noted that Macleod included lactic acid as a substance available for glu 
coneogenesis 
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the liver continued even when the blood sugar level ceased to rise, thus 


indicating that diffusion into the liver could not be responsible. This 
confirms recent investigations on unanesthetized cats and previous observa- 
tions on unanesthetized dogs, and is opposed to other findings on decapi- 
tate and anesthetized animals. The use of normal unanesthetized animals 
in such studies appears to be essential. 

After oral glucose the amount of lactic acid removed by the liver de- 
creases and in most instances this organ adds lactic acid to the blood. It 
is suggested that when glucose is available as a glycogen precursor, gluco- 
neogenesis from other sources stops and the lactic acid produced by the 
liver as a result of its own metabolic processes is discharged into the blood 
stream. The administration of glucose by mouth has no apparent effect 
upon the addition of lactic acid or removal of glucose by the skeletal 
muscles or the intestinal tract. 

The preceding conclusions are drawn in the light of an analysis of the 
sources of error present in such determinations. 
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A mild, temporary agglutination of erythrocytes in various systemic 
capillaries and small veins appears to be a normal physiological phenom- 
enon. At least it takes place now and then in animals which appear to 
be normal at the time and which seem to remain normal in spite of the 
temporary occlusion of some of the small vessels by columns and clumps oi 
agglutinated red cells. Under certain conditions, however, the agglutina- 
tion becomes exaggerated and dangerous in apparently normal animals but 
especially in animals which are not normal. 

The intravascular agglutination should always be looked upon as being 
potentially dangerous because the de-agglutination sometimes fails to take 
place. In such an instance the agglutination is the incipient stage of 
intravascular coagulation. It is conceivable that the agglutinated eryth- 
rocytes act only as a foreign body which occludes the vessels and thereby 
prevents an adequate exchange of respiratory gases and other substances 
so that primary infarction results. It is sometimes the case that the in- 
travascular coagulum breaks down into emboli of various sizes which cause 
secondary or metastatic infarction (1936). 

A further reason, and a very important one, for looking upon the intra- 
vascular agglutination as being potentially dangerous is that the agglu- 
tinated cells are often swept out of the occluded capillaries and small veins 
before the de-agglutination is complete. The result is that fragile emboli 
(small clusters of agglutinated erythrocytes) move away from their points 
of origin and reach the arterial side of the circulation where they occlude 
small arteries either temporarily or permanently. Permanent occlusion of 
a small artery means petechial infarction, and several petechial infarcts 
may coalesce to form a relatively massive one. 

Stationary columns of agglutinated red cells were observed in systemic 


capillaries and small veins of living tadpoles, frogs, ducks, owls, very 
young kangaroos from the pouch, bats, rats, rabbits and dogs. I have 


also observed a considerable number of pathological conditions (especially 
in animals from the Washington Park Zoo in Milwaukee) for which the 
59 
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intravascular agglutination of erythrocytes was undoubtedly the principal 
etiological factor. To a large extent the observations and discussions in 
the present paper will be limited to the temporary agglutination of eryth- 
rocytes as seen in tadpoles and young kangaroos, to the formation ot 
fragile emboli, to the occlusion of small arteries by the fragile emboli in 
young kangaroos and to the possible paths which the emboli may take 
in reaching the arterial side of the systemie circulation of a young kan- 
garoo. Observations on other animals will be considered only when they 
seem to very appropriately supplement the results obtained from the 
tadpoles and kangaroos. Some of the observations on other animals 
should be considered briefly in this paper because the kangaroo, like the 
tadpole, has some unique anatomic features. For instance, the kangaroo 
is thé only mammal I have examined in which the blood vessels in the 
drainage angle of the eye persist throughout life or as long as the eye 
remains normal or relatively normal (1937). Some of the many other 
peculiar anatomic features are shown in figures 1, 2, 3 and 3A. 

METHODS AND OBSERVATIONS. In order to keep a tadpole quiet enough 
for microscopic observation for a considerable time, a tadpole holder was 
necessary. This holder was a small cork table which had a number of 
slender cork legs. It was placed over the animal in such a manner that the 
tail protruded between two of the legs. The table was held rigidly in 
position by mechanical means so that it could not float and could not be 
moved by the tadpole in its efforts toswim. This kind of holder permitted 
the animal to be exposed to the fresh water of the container, and it also 
permitted me to make microscopic observations of the blood vessels of the 
tail by using either transmitted or reflected light. However, it did not 
permit the tadpole to rise somewhat periodically to the surface of the water 
to breathe air as tadpoles in relatively late stages of development normally 
do. This probably means that some of the animals were not entirely nor- 
mal after they were held below the surface of the water for a considerable 
time. The tadpole flapped its tail at fairly regular intervals, and it was 
often quite inactive between the paroxysms of flapping. The paroxysms 
varied considerably in duration and intensity. About two hundred tad- 
poles of different varieties and ages were examined under the same and 
similar conditions. It was of course necessary to make holders of different 
sizes for tadpoles of different sizes. 

After a tadpole in a holder remained quiet for about twenty-five seconds 
the blood almost always coursed freely through the capillaries and other 
small blood vessels of the tail. However, after a brief paroxysm of flap- 
ping, after the tail had remained motionless for one or two or three minutes, 
there was often complete stasis of the blood in fifty per cent or more of the 


capillaries and small veins. These vessels were distended with solid col- 


umns of agglutinated erythrocytes. The stasis of the blood often extended 
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into many of the small arteries. Blood circulated unusual 
through some of the non-occluded capillaries and veins, and the greater 


rapidly 


number of these vessels were also unmistakably dilated for a few second- 
after the flapping ceased. Very mild reactions of the tail often caused per- 
ceptible vasodilatation but not agglutination of the erythrocytes. 

All of the tadpoles to which the statements of the preceding paragrap! 
are applicable will be called pressor-depressor animals because the mild 
reactions caused vasodilatation without agglutination and the stronge: 
movements of the tail caused exaggerated vasodilatation with agglutina- 
tion of the red cells. Vasodilatation alone should cause a fall in the ar- 
terial blood pressure. Agglutination, and accordingly the occlusion of 
many of the dilated vessels, should cause either an actual rise or a dimin- 
ished fall in the arterial blood pressure even though vasodilatation 1- 
exaggerated at the time. About 90 per cent of the tadpoles examined were 
pressor-depressor animals. 

The remaining tadpoles (approximately ten per cent) were depresso: 
animals. Vasodilatation was commonly observed immediately after the 
paroxysms of flapping of the tail, but the agglutination of the erythrocytes 
was not observed in any of these animals unless the water was made warm 
enough to greatly increase the metabolism or unless carbon dioxid was 
bubbled through the water for a few minutes. The flapping of the tail 
undoubtedly caused the arterial blood pressure to fall except when the 
depressor tadpole was converted into a pressor-depressor animal by raising 
its temperature to almost the danger point or by administering carbon 
dioxid. 

The observations on the depressor tadpoles were extended and made 
more understandable by working with depressor dogs. Fifteen such dogs 
were found in thirteen years. The dogs were in ether anesthesia during 


the experiments. The arterial blood pressure was measured with a mer- 


cury manometer. The dogs, unlike the tadpoles, exhibited sudden par- 
oxysms of muscular reactions only when they were stimulated in some 
special way. The paroxysms were elicited by stimulating the central 
stump of a mixed nerve, such as the sciatic, with Faradie currents of va- 
rious strengths and frequencies. Two of the depressor dogs were tempo 
rarily converted into pressor-depressor animals by causing them to inhals 
an excessive amount of carbon dioxid for a few minutes. Another depres- 
sor dog was converted temporarily into a pressor-depressor animal by 
injecting a weak solution of hydrochloric acid into a vein. 

The breaking down of the solid columns of erythrocytes in the pressor- 
depressor tadpoles presented some interesting pictures. On several oc- 
casions a column was observed to break into two parts which separated 
from one another sufficiently to leave a short clear space between the ends 
of the stumps. This space was filled with plasma which was at times so 
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clear that it had a slight resemblance to an air embolus, but it was only a 
pseudo embolus. Careful observation of the pseudo emboli sometimes 
revealed a circulation of the plasma and a rapid shooting of erythrocytes 
At times small clumps of erythrocytes shot through the pseudo emboli 
from the end of the one to the end of the other stump of the broken column. 
Whenever the cells shot from left to right through a pseudo embolus, this 
embolus appeared to move slowly or rapidly from right to left because the 
cells which shot away from the left stump were added to the right stump; 
there was accordingly a pseudo movement of the pseudo embolus. In 
some instances individual erythrocytes and clumps of these cells moved 
quite slowly, instead of very rapidly, through the pseudo emboli. In 
other words, the plasma circulated at different rates through the pseudo 
emboli and the columns of agglutinated cells. 

Very often the columns of the temporarily agglutinated cells broke down 
first at the venous ends in such a manner that clumps of erythrocytes cir- 
culated away in rapid succession as true emboli. In other instances the 
stumps and whole columns of erythrocytes in the different vessels under- 
went complete de-agglutination. 

The pseudo emboli, the shooting of erythrocytes and clumps of eryth- 
rocytes through the pseudo emboli and also the pseudo movements of 
the pseudo emboli were much more spectacular in some mammals, as in 
some small conjunctival and corneoscleral vessels of a mildly inflamed 
rabbit’s eye. In this rabbit the clumps of erythrocytes shooting through 
the pseudo emboli resembled little puffs of red smoke. 

After a pressor-depressor tadpole flapped its tail vigorously a consider- 
able number of times in rapid succession or after it flapped continuously 
for thirty or forty seconds, no columns of agglutinated erythrocytes were 
present after the flapping ceased unless carbon dioxid had been bubbled 
through the water for at least a minute or two prior to the flapping. Bub- 
bling pure oxygen through the water had the opposite effect of that pro- 
duced by carbon dioxid; in fact, the temporary agglutination of eryth- 
rocytes was not observed in a few pressor-depressor tadpoles which 
exhibited short paroxysms of flapping immediately after oxygen had been 
bubbled through the water for a minute or more. 

Some of the pressor-depressor tadpoles flapped their tails either continu- 
ously or almost continuously for several minutes. Whenever this 
happened no columns of agglutinated red cells could be seen in the capil- 
laries and small veins for a few minutes thereafter although some single 
paroxysms of short duration and of different strengths occurred at times 
after the continuous or almost continuous flapping ceased. 

Similar pictures of the agglutination and the complete and incomplete 
de-agglutination of erythrocytes were seen through the highly transparent 
skin of a very young wallaroo kangaroo (Macropus robustus, Gould). 


OCCLUSION OF BLOOD VESSELS BY AGGLUTINATED RED CELLS 


The age of the animal was not known, but the distance from the « 
the base of the tail was about seventy-five millimeters. It had \ 
control over its hind legs. The hair had not developed and the hair { 


were not conspicuous except near the nostrils. Some of the viscera could 
be seen faintly through the abdominal wall after the skin of the animal had 
been thoroughly washed. The animal was inactive and so cold that it 


was thought to be dead when it was found in the pouch of its mother which 
was dead and very cold. The mother was found dead on a very cold morn- 
ing in a stall of a poorly heated barn in a corner of the Washington Park 
Zoo. The little animal showed signs of life while it was being freed from 
the teat, and after a few hours in a moderately warm room in the physi- 
ology laboratory it sometimes exhibited vigorous paroxysms of squirming, 
especially when it was touched. For several seconds following some of 
the short paroxysms many of the capillaries and smallest veins in the mus- 
cles of the abdomen and certain other parts of the body were distended 
with solid columns of agglutinated red cells. 

The microscope was generally adjusted so that the vessels were in focus 
during the expiratory pause because this pause was often much longer 
than the rest of the respiratory cycle. At times the breathing was such 
that dependable observations could not be made. 

Incipient petechial infarcts became visible as red spots at numerous 
points in the skin and skeletal muscles. I was able to observe the develop- 
ment of three of the infarcts in the skin. In one of these instances a cluster 
of five or six erythrocytes moved in a jerky manner into the microscope 
field. This was followed with the microscope as it passed entirely through 
two arterial anastomoses. It finally lodged in a very slender arterial 
anastomosis almost midway between the only two postreticular endar- 
teries which originated as side branches from this slender arterial anas- 
tomosis. The blood became static on both sides of the embolus as far as 
the mouths of the two postreticular endarteries. In the course of a few 
minutes the occluded portion of the anastomosis became so greatly dilated 
that it formed a red spot which could barely be detected with the unaided 
eye. The permanent occlusion of this anastomosis resulted in the con- 
version of it and its two little side branches or postreticular endarteries into 
two exceptionally long postreticular endarteries. 

Another cluster of five or six erythrocytes was found circulating in a 
jerky manner through some arterial anastomoses in the skin. It lodged 
several times before it finally moved into a little postreticular endartery 
and caused permanent occlusion of this little vessel. The blood became 
static on both sides of the lodged embolus. The stasis extended a short 
distance into the capillary bed in the vicinity of the embolus. The end- 
artery and the capillaries involved became greatly dilated and the area 
became very red to the unaided eye although no evidence of diapedesis 
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could be found. The erythrocytes in the static area probably became 
thoroughly congealed, at least they could not be identified as individual 
cells after about ten minutes. Essentially the same observations were 
made at another part of the skin where a fragile embolus permanently 
occluded a very small postreticular endartery. Some other emboli which 
were found in the arteries lodged either in small arterial anastomoses or in 
the postreticular endarteries but broke down without permanently oceelud- 
ing the vessels. 

This animal died about thirty hours after it first showed definite signs oi 
life in the laboratory. During the last few hours of its life it gasped at in- 
tervals as if it were suffocating. Petechial infarcts were numerous in the 
skin, skeletal muscles, the gastrointestinal tract, the conjunctiva and the 
sclera. Some of the infarcts in the submucosal network of arteries of the 
stomach had still a reddish tinge, but they had become pale infarcts in com- 
parison with many others which were still very red. The lungs were 
severely congested. Neither the foramen ovale nor the ductus arteriosus 
was patent. The interventricular foramen was also closed. Coronary 
arteries could not be found, but they were also absent in the heart of the 
mother and in the hearts of all of the other wallaroo kangaroos examined. 

Instead of a coronary system of arteries in the heart of the wallaroo 
kangaroo, a large artery from the base of the aorta passes into the inter- 
ventricular septum and sends terminal branches into the outer walls of the 
right and left ventricles as shown in figures 1 and 2. This is a prereticular 
endartery. No infarct was found in the heart of the little kangaroo. 
Moreover, I have never found an infarct in the heart of any wallaroo kan- 
garoo or in the heart of any other animal which has either a very smal! 
number of arterial anastomoses or none at all in the walls of the ventricles. 
Some of these animals are the postnatal members of the families Bovidae 
(cattle, antelope, sheep and goats) and Cervidae (deer). I have also 
failed to find an infarct in a wall of an atrium of any mammal, and I have 
rarely found an arterial anastomosis in these walls. I have found infarcts 
in only those hearts in which a considerable number of arterial anastomoses 
exist in the ventricular walls. The ventricular walls which contain the 
most complex arterial networks become infarcted much more frequently 
than those which contain simpler networks. 

The infarcts in the little kangaroo were most numerous in the parts of 
the body which contained the most complex networks of arteries. 

Similar observations were made on a second kangaroo which was about 
the same size as the first one. The second kangaroo was also found in the 
pouch of its dead, cold mother. It was left in the pouch beeause it could 
seemingly not be removed from the teat without badly traumatizing the 
mouth. <A part of the pouch was cut away to expose the animal for mi- 
croscopic observation. This animal seemed to be more contented than the 
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first one, and its respiratory pauses were often much longer than those oi 
the first animal. This little kangaroo lived for only about sixteen hours 
after it first showed unmistakable signs of life in the laboratory. The 
autopsy findings were essentially the same as in the first case, except that 
all of the infarcts in the second animal were too red for any of them to be 
called pale infarcts. 

Early one cold morning another young kangaroo was found in an ap- 
parently lifeless condition on the board floor of a poorly heated stall in 
which some kangaroos were housed. It was about fourteen centimeters 
in length from the crown to the base of the tail. A caretaker placed it in 
a refrigerator where it remained for about an hour before it was brought to 
my laboratory. For the benefit of the sophomore medical students (of 
the school year 1932-1933) this animal was allowed to revive in their 
presence. It appeared to become temporarily normal except for many 
petechial infarcts which developed in the skin. Many fragile emboli were 
found circulating in small arteries of the skin, and the development of 
several infarcts in the skin were observed. The skin was so thick and 
opaque, however, that the agglutinated erythrocytes in the systemic capil- 
laries and small veins could not be observed following any of the paroxysms 
of activity of the skeletal muscles. The paroxysms almost always con- 
sisted of vigorous kicking with the hind legs. It was too young to sit up. 
The animal died at some unknown time between midnight and eight 
o'clock the next day. It lived at least fourteen hours after it first showed 
unmistakable signs of life in the laboratory. The autopsy findings were 
essentially the same as for the second kangaroo except that some petechial 
infarcts in the stomach had coalesced to form a relatively massive one 

Some other young kangaroos were observed, but it is unnecessary to 
discuss them in this paper except to state that the lungs of some of the 
animals in which petechial infarction occurred were not congested. 

In view of the fact that the ductus arteriosus, the foramen ovale and the 
interventricular foramen were closed in each of the little kangaroos ex- 
amined the question arose as to the path or paths the fragile emboli took 
in passing from the systemic veins into the systemic arteries. This prob- 
lem gave rise to some speeial investigations. I presumed that at least 
some of the emboli which reached the arterial side of the circulation of each 
of the kangaroos were some that were stable enough to pass through the 
pulmonary capillaries. This problem could have been solved by taking 
some blood samples from a pulmonary vein. This experiment was per- 
formed on anesthetized pressor-depressor dogs instead of the kangaroos. 
Clumps of red cells were found in blood samples taken from pulmonary 
veins of some of the experimental dogs after powerful muscular reactions 
were elicited by stimulating the central stump of either a sciatic nerve or a 
brachial nerve. These clusters appeared in the blood samples immediately 
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after the pressor effect (the increased arterial blood pressure) began to dis- 
appear. The clusters could not be found in the samples from some of the 
pressor-depressor dogs, and they were never found in the samples from the 
dogs (depressor animals) in which the arterial blood pressure never rose but 
almost always fell when either a sciatic or a brachial nerve was stimulated. 

Another possibility that was entertained was that some of the fragile 
emboli in the kangaroos reached the arterial side by passing antidromically 
through simple and partially metamorphosed arteriovenous anastomoses 
(AVAs). These AVAs were found to be quite numerous in very young 
wallaroo kangaroos, and incompletely metamorphosed AV As were found to 
be plentiful in even the adult wallaroo kangaroo. In almost all mammals 
that were examined in my study of AVAs the greater number of the em- 
bryonic AVAs undergo a complete metamorphosis (1935), but in the wal- 
laroo (also the Virginia opossum) the metamorphosis of many AV As in the 
central nervous system and some other parts of the body never becomes 
complete. Some instances of the arrested metamorphosis of some AV As in 
the brain are shown in figures 3 and 3A. Some metamorphosing AV As are 
shown in figure 4. No actual observation of the antidromic passing of em- 
boli through an AVA of a kangaroo was made, but the observations pre- 
sented photographically as figures 3, 3A and 4 show that this problem could 
not well be ignored in the present study. 


Fig. 1. Infra-red photograph of the heart of an adult wallaroo kangaroo. After 
the heart was dehydrated and cleared, by the Spalteholz method of displacing the 
alcohol with benzene and then the benzene with methy! salicylate, the exterior wall 
of the right ventricle was removed so that the principal parts of the prereticular end- 
artery could be seen. This artery originates from the basal region of the aorta. It 
passes directly into the interventricular septum where a considerable portion of it 
lies almost in the position occupied by the right branch of the bundle of His. Some 
parts of this artery are intraendocardial, other parts of it are barely subendocardial 
and numerous short and long branches pass from the intraendocardial and subendo- 
cardial portions to all parts of the walls of the ventricles and atria. There is no 
artery in the vicinity of the left bundle branch. The prereticular endartery shown 
in the figure is the only source of supply of arterial blood to the walls of the atria and 
the ventricles. This artery was cannulated from the lumen of the aorta, injected 
with vermilion cinnabar in water and then occluded with a ligature to prevent the 
escape of the cinnabar. The heart was photographed by using reflected light, the 
Eastman 1R infra-red plate and the Wratten A filter. The capillaries «nd veins did 
not become injected. No arterial anastomoses could be found in the heart. 

Fig. 2. Roentgenogram of the uncleared and uncut heart of an adult wallaroo 
kangaroo. The prereticular endartery was injected by forcing vermilion cinnabar in 
water into the ascending thoracic aorta in a rhythmical manner. The cinnabar was 
then washed out of the left ventricle and the aorta. Some cinnabar escaped from the 
prereticular endartery into the aorta because this artery was not tied off as it was in 
the heart shown as figure 1. Some cinnabar hemorrhages can be seen in the ventral 
portion of the heart in figure 2. No arterial anastomoses could be found in the heart 
after it was cleared. 
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Fig. 3. Photomicrograph of an incompletely metamorphosed arteriovenous anas 
tomosis (AVA) in the brain of an adult wallaroo kangaroo. The injection fluid was 
India ink It was injected in a rhythmical manner into a common carotid artery 
After the brain was cleared a section of it was mounted in dammar and then photo 
graphed by using transmitted light and an ordinary photographic plate. 

The incompletely metamorphosed AVA consists of an arterial trunk and an accom 
panving venous trunk, of small arterial branches and accompanying venous branches 
and of hairpin loops which connect the smallest arteries with the smallest veins 
Some of the hairpin loops are capillaries, but some of them are histologically too 
complex to be called capillaries. This entire AVA was originally a simple one con- 
necting a pial artery (one destined to become an artery) with a pial vein (one destined 
to become a vein). It took the form of a hairpin loop as it grew into the substance of 
the brain and as the growing brain pushed the enveloping pia mater ahead of it \ 
hole.developed in the growing end of this loop as the opposite walls of the vessel 
touched and fused. The hole should be spoken of as an island of brain tissue sur 
rounded by blood vessels. The birth of the tissue island was the birth of a new blood 
vessel. The two blood vessels then became hairpin loops in which more tissue Islands 
developed. This genesis of new blood vessels continued until the growing AVA had 
the appearance shown in figure 3. 

The metamorphosis would have been complete if tissue islands had continued to 
develop until all of the simple loops were capillaries, if various parts of each of thess 
loops had formed secondary capillary loops by growing in various directions through 
the brain tissue and if these secondary capillary loops had met and fused with other 
such loops from other metamorphosing AVAs. The result of fusion of many seeond- 
ary capillary loops is a very complex network of capillaries which connects numerous 
arterioles with one another, numerous venules with one another and numerous arteri 
oles with numerous venules. For some unknown reason the metamorphosis of a very 
large number of embryonic AV As is prematurely arrested in certain parts of the body 
of the wallaroo kangaroo. 

The arterial leg of any completely or almost completely metamorphosed AVA is a 
postreticular end artery, and this artery and its branches are of course accompanied 
by a vein andits branches. In figure 3 the artery and vein of the incompletely meta- 
morphosed AVA are so close together that they appear to form a single trunk. In 
some instances so many holes develop in the venous trunk that it consists of two veins 
which are associated with one another at intervals by venous anastomoses that pass 
underneath or above the artery. The pressure of the artery against the original vein 
is probably responsible for the development of these tissue islands 

hig. 3A. This photomicrograph shows some slightly magnified, incompletely 
metamorphosed AV As projecting into the brain substance from the pial vessels. The 
observer must imagine that he is inside the brain and is looking through the cleared 
tissue in the direction of the pia mater. A similar picture may be obtained from the 
brain of the common opossum 

Fig. 4. Photomicrograph of some metamorphosing AVAs in some epiphyses from 
the fore leg of a young wallaroo kangaroo. India ink was injected into the ascending 
thoracic aorta. After the bones of the leg were decalcified, dehydrated and cleared, 
some of them were bisected by cutting longitudinally with a very sharp knife. The 
ends of three of the sections were mounted in dammar and then photographed with 
the cut surface of each turned toward the camera 

The metamorphosis of the AVAs is complete at almost all points in the diaphyses, 
but it is not complete anywhere in the epiphyses. In order to find this same stage of 
development in a dog, sheep or monkey it is necessary to examine an early fetus. 


The antler-like processes in the epiphyses are the incompletely metamorphosed 
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AVAs. Each of these AVAs enters the epiphysis from the diaphysis or so! 
point at which blood vessels exist. In very early embryonic life an epiphysis 
ther hyaline cartilage, is avascular. ass grows it pl ill 
the surface vessels ahead of it except some of the AVAs, as is indicated schematical! 

‘ by figure 4A. Holes develop in the tips of the growing hairpin loops until each AVA 
becomes very complex, as illustrated schematically by figure 4A and also4B. The 
cartilage cells not only fail to proliferate in the immediate vicinity of a very perme- 
ible blood vessel, but they break down into cell debris. Necrotic areas are most con- 
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spicuous at and near the tips of the hairpin loops where the permeability of the walls 


of the vessels is greatest. The loops grow into these necrotic areas which continue to 


form as fast as the loops increase in length. As soon as many tips of hairpin loops 
come close together at or near the center of the epiphysis, various necrotic areas 
about the approaching tips coalesce to form the well-known necrotic center. The 
center becomes rapidly invaded by the blood vessels, and capillaries from different 
AV As fuse with one another to form a complex network of capillaries. Them 

phosis of the AVAs which reach into the necrotic center is then complete Secondary 
necrotic centers develop until all of the AVAs have an opportunity to undergo com 
plete metamorphosis. A large portion of the epiphysis accordingly becomes ex- 
tremely vascular, and ossification then takes place. It seems as though the osteo- 
blasts, unlike the hyaline cartilage cells, can tolerate an excellent circulation. 

Fig. 4A. This is a schematic representation of the incomplete invasion of blood 
vessels by the growing hyaline mass and the simultaneous invasion of the hyaline 
mass by an included AVA. The artery and the vein, which are connected with one 
another by means of a simple AVA, are pushed farther and farther from the center of 
the hyaline mass as this mass increases in size. At the same time the AVA grows 
farther into the epiphysis and becomes more complex as it grows. First the growing 
iip of the hairpin loop divides or splits to form two vessels out of one. Each new 
vessel becomes a hairpin loop. One leg of the loop is an artery and the other leg is a 
vein. The growing tip may divide into two vessels and so on until the AVA is pro- 
vided with a considerable number of antler-like processes. For the sake of clearness 
in the schematic representation the artery and the vein are rather widely separated 
In the specimen these vessels often le so close together that the AVA appears to have 
a trunk consisting of a single vessel. The AVA lies within a simple or branched hya- 
line cylinder. 

Fig. 4B. In many instances a growing tip of a hairpin loop of an AVA divides 
many times instead of only once. In such an instance, as illustrated schematically 
by figure 4B, the tip of the loop becomes a network of vessels. Twenty-nine tissue 
islands are represented. These are islands in a blood swamp. Tach island is sur 
rounded by swamp channels. Each of these swamp channels or blood vessels may 
form a hairpin loop so that the resulting picture is highly comparable to the incom 
pletely metamorphosed AVA shown in figure 3. There is no fundamental difference 
between the metamorphosis of the AV As in hyaline cartilage and the metamorphosis 
of the AVAs in the brain or elsewhere in the body 


Discussion. Some of the observations mean that carbon dioxid pro- 
motes intravascular agglutination of erythrocytes. This is of interest in 
connection with the well known fact that acidity of the medium facilitates 
the agglutination of red cells. This subject is discussed by Héber (1928) 
under the heading “‘Electrokinetic potential and agglutination.”” Hober 
vives attention to carbonic acid as an agglutination factor. It seems as if 
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the more important observations on the intravascular agglutination and 
de-agglutination might be explained largely in terms of the concentration 
of acid catabolites and also of an unknown agglutination factor. Let us 
consider a time at which the blood is circulating evenly through the capil- 
laries in the tail of a tadpole. Such a circulation cannot favor the best or 
ideal exchange of fluids between the blood and the tissues because the ex- 
change that then occurs is due principally to partial pressure differences, 
i.e., to osmosis and diffusion, and acid catabolites pile up in the tissues. It 


is conceivable that, due to partial pressure differences, a sufficient amount 
of the catabolites pass into the lumina of the capillaries and small veins so 
that agglutination of the red cells is favored but does not take place until 
the-animal flaps its tail vigorously enough that the muscles involved in 
the flapping clamp down on a considerable number of the veins and at the 
same time urge acid catabolites into the capillaries and small veins. The 


erythrocytes that are thereby halted in the capillaries and small veins are 
crowded together more than at other times. Agglutination of the crowded 
red cells takes place if the medium is sufficiently acid and if there is a suffi- 
cient amount of the unknown agglutination factor present. 

It is conceivable that acid catabolites do not pile up in the tissues of a 
depressor animal as much as they do in a pressor-depressor animal. This 
is equivalent to assuming that the exchange of respiratory gases and 
nutrient and waste substances in general is for some unknown reason 
better in the depressor than in the pressor-depressor animal. An alterna- 
tive explanation of the depressor animal is that an abnormally small 
amount of the unknown agglutination factor is present in the body. 

The plasma, unlike the agglutinated cells, continues to circulate to a 
certain extent. The plasma circulates through the columns of aggluti- 
nated erythrocytes. It is undoubtedly the circulating plasma which is re- 
sponsible for the shooting of erythrocytes through the pseudo emboli. The 
circulating plasma washes the catabolites out of the columns of ag- 
glutinated cells sufficiently for de-agglutination to occur. The columns 
then break down into individual erythrocytes and clumps of erythrocytes. 
These clumps are true emboli, but they are very fragile ones. 

It is important to note that the kangaroos were evidently not normal 
during any of the time that they were in the laboratory. As a result of 
the exposure to cold the tissues of the little animals probably became so 
pathological that the acidity of the tissues was unusually high and that 
the intravascular agglutination was accordingly favored much more than in 
anormalanimal. It is conceivable that the fragile emboli were much more 
stable than in a normal animal and that a greater number of them accord- 
ingly reached the arterial side of the circulation. Some of these emboli 
were stable enough to cause permanent occlusion of small arteries, but 
others broke down after they occluded arteries for only a short time. 
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Small systemic arteries are traps for the fragile emboli, but some of 
these embolus traps are also embolus destroyers. It is highly improbable, 
for instance, that any of the fragile emboli can permanently occlude any 
part of such a prereticular endartery as that shown in figures 1 and 2 
Such an embolus would be hammered and washed to pieces by the pulsa- 
tile variations and by the much greater mean blood pressure on the one 
side of the embolus than on the other. On the other hand, if a fragile em- 
bolus lodges in either an arterial anastomosis of a complex network of ar- 
teries or in a small side branch (an arteriocapillary anastomosis which 
should be called a postreticular endartery) of such an arterial anastomosis 
it will not be seriously molested by the greatly distributed and dampened 
mean blood pressure and pulsatile variations. The blood can also take so 
many other routes in such a complex arterial network that the fragile em- 
bolus is not seriously distributed. 

The infarcts were most numerous in the parts of the body which con- 
tained the most complex networks of arteries. None were found in the 
walls of the ventricles of the heart of the kangaroo or any other mammal in 
which these walls are supplied with prereticular endarteries only. So 
far as my observations go infarction does not occur in the walls of the 
atria. Arterial anastomoses in these walls are exceedingly rare. Such 
observations seem to me to disclose a tremendous significance of the pres- 
ent study of the origin of fragile emboli and infarction by these emboli. It 
is my conviction that the greater number of the infarcts found in various 
tissues are caused by these fragile emboli. They originate as petechial 
infarcts, but they sometimes coalesce to form relatively massive ones. The 
thrombus usually found centrally to an infarct at autopsy is commonly 
declared to be the cause of the infarction, but such a coagulum is almost 
always an incidental and relatively unimportant consequence of the in- 
farction instead of the cause of it. 

One important difference between the observations made on the kan- 
garoos and those made on the tadpoles is that infarction occurred in the 
kangaroos but not in the tadpoles. This difference was probably not en- 
tirely due to a greater pathological condition of the kangaroos and ac- 
cordingly to a greater stability of the fragile emboli in the kangaroos than 
in the tadpoles, for Dr. Edgar End observed essentially the same differ- 
ence between frogs and rats. In an investigation now in progress in this 


laboratory he caused exaggerated agglutination of the erythrocytes in 
these animals by subjecting them to only two or three extra atmospheres of 
air pressure for several hours and then decompressing them rapidly. A 
few minutes after the decompression took place fragile emboli developed 
in both kinds of animals, but those in the rats appeared to be more stable 


than those in the frogs. It was also the case that numerous petechial in- 
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farcts developed in the rats but not in the frogs. Some of the petechial 
infarcts coalesced to form relatively massive ones. 

Some of the decompressed rats died of petechial and massive infarction. 
None of the decompressed frogs died. The air pressure in the compression 
chamber was not great enough to cause any liquid of the body to effervesce 
when the animals were decompressed. After all, the ailment commonly 
spoken of as the bends or the caisson disease was known before divers and 
other people were subjected to such extremely high pressures as were used 
in experiments by Hill and Macleod (1903) to cause the body liquids to 
effervesce. Doctor End’s results show that infarction by fragile emboli 
causes the bends. The condition may be greatly aggravated, however, by 
gas m the blood vessels and tissues, as when the compression is very great 
and the decompression is rapid. 

Lactic acid, acetic acid and others cause agglutination of erythrocytes, 
but carbonic acid is probably the principal known agglutination factor 
normally present in the body. However, I have found it useful to assume 
that carbonic acid is an especially efficient agglutination factor only under 
the condition that it can work in conjunction with an unknown factor in 
the body. This unknown agglutination factor is probably never entirely 
absent from the blood of a vertebrate, but it is much more abundant in 
some animals than in others. It is almost entirely absent from the blood 
of a true hemophiliac and from the blood of an animal afflicted with pa- 
ralysis agitans. In the first of these instances the unknown factor is char- 
acteristically so small in amount that the animal does not contract coryza, 
sniffles or distemper. (One exception, an explainable one, was found 
among twelve human hemophiliacs that were examined.) In the second 
instance the unknown factor would be normal in amount except that the 
incessant muscular movements constantly cause mild intravascular ag- 
glutination as fast as the unknown factor is formed and accordingly keep 
the blood almost entirely depleted of this factor. Such an animal does 
not contract coryza, sniffles or distemper. Either continuous or almost 
continuous flapping of the tail of a tadpole diminishes the amount of the 
unknown agglutination factor similarly as this factor is diminished in a per- 
son with paralysis agitans. 

So far as my observations go an animal is able to contract coryza, 
sniffles or distemper only under the conditions that agglutination of eryth- 
rocytes in static blood in the nasal ramifications of the ethmoidal plex- 
uses of blood vessels takes place and that the tissue in the region becomes 
infected. After the agglutination takes place the tissue cells in the pos- 
terior regions of the nasal passages suffer rapidly because of the inadequate 
exchange of respiratory gases and other substances, and infection of the 
pathological tissue then occurs if an appropriate virus is present to infect 
this tissue (1936). The stasis of blood in the nasal ramifications of the 
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ethmoidal plexuses takes place whenever the brain increases sufficient 


i 


volume (as when a part of the body in which the reciprocal vascula 


mechanisms have not been kept in perfect training by frequently expos 
the body to various temperatures) that it presses against and oecludes th 
vessels of one or both of the ethmoidal plexuses on the cerebral side of the 
ethmoidal bone. 

The unknown agglutination factor is probably not deficient in amount in 
the members of the family Ursidae, but, so far as my observations go, the 
bear does not contract coryza, sniffles or distemper. The probable reason 
is that the ethmoidal plexuses in this animal are so completely imbedded 
in bone that they cannot be compressed severely enough by the brain at 
any time to cause stasis of the blood in the nasal ramifications of these 
plexuses. A similar situation exists in certain human beings who have 
lost a considerable portion of the calvarium. These people do not contract 
coryza because the brain expands principally through the opening in the 
skull and accordingly does not compress the ethmoidal plexuses strongly 
enough to cause stasis of the blood in the nasal ramifications of these plex- 
uses. 


I am indebted to Mr. L. C. Massopust, of the Department of Art and 
Photography, for the illustrations presented as figures 1, 2, 3, 3A and 4 
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SUMMARY AND CONCLUSIONS 


1. If blood circulates evenly through systemic capillaries acid catabo- 
lites accumulate in the tissues. Strong reactions of the skeletal muscles 
mobilize the catabolites and drive them through the walls of the capillaries 
and small veins in sufficient amounts to cause agglutination of the eryth- 
rocytes in some animals (pressor-depressor animals) but not in others 
(depressor animals). 

2. Carbonic acid is probably the principal known agglutination factor 
normally present in the body. This known factor, in conjunction with an 
unknown agglutination factor in the blood, promotes intravascular ag- 
glutination of the erythrocytes. When both of these factors are abundant 
in an animal it is a pressor-depressor animal. A very low content of the 


unknown factor means a depressor animal except when there is a super- 
abundance of carbonic acid or some other acid in the blood. 


3. Mild reactions of the skeletal muscles usually cause vasodilatation in 
both depressor and pressor-depressor animals. Strong‘ reactions of these 
muscles cause a greater vasodilatation in both kinds of animals, but this 
vasodilatation in the pressor-depressor animals may fail to cause a fall in 
the arterial blood pressure because a large number of the dilated blood 
vessels are filled with stationary columns of agglutinated erythrocytes. 
These columns may be seen for several seconds following some of the vigor- 
ous reactions of the skeletal muscles. 
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4. The plasma continues to circulate to a certain extent among the 
stationary, agglutinated cells. The plasma washes these cells free of the 
agglutination factors until either complete or incomplete de-agglutination 
takes place. In case the de-agglutination is incomplete some clumps ot 
red cells move away into the large veins. These clumps are very fragile 
embolt. 

5. Some of the fragile emboli reach the arterial side of the systemic cir- 
culation of such an animal as the young kangaroo, but not of the tadpole or 
frog, where they occlude certain small arteries either temporarily or per- 
manently. These arteries are some of the small arterial anastomoses oi 
complex arterial reticulae and also some of the small side branches (post- 
reticular endarteries) of these arterial anastomoses. The emboli are too 
fragile to stand up in endarteries (prereticular and relatively prereticula: 
endarteries) in which the pulsatile variations in the arterial blood are great 
and in which the mean blood pressure is much greater on one side of a 
lodged embolus than on the other. Such endarteries are efficient destroy- 
ers of the fragile emboli. A permanent occlusion of a small artery means 
petechial infarction. Petechial infarcts may coalesce to form massive ones. 

6. The fragile emboli probably reach the arterial side via the pulmonary 
capillaries. It is conceivable that some of them may reach the arterial 
side by passing antidromically through simple and partially meta- 
morphosed arteriovenous anastomoses (AV As) which are numerous in the 
central nervous system, the epiphyses and other parts of the body of a 
very young kangaroo. AVAs in the brain and epiphyses only were illus- 
trated and discussed. 
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During a study of the factors which control the toxicity of the bile salts, 
it was observed (1) that certain of these compounds are much more toxic 


for guinea pigs that have ingested thyroxine than for normal guinea pigs 


It was suggested that this increase in toxicity might be due to abnormal 
retention of bile salts in the blood. ‘To test this suggestion, we have 
studied the effects of thyroxine treatment on the removal of sodium cholate 
from the blood and on the secretion of this substance into the bile. 
I;XPERIMENTAL. Estimation of cholic acid in blood plasma, urine and 
bile. Cholic acid concentrations were determined by a modification of 
the Reinhold and Wilson (2) procedure, in which the Gregory—Pascoe 
reaction (3) was carried out in a 60 per cent acetic acid medium instead of 
an aqueous medium. This modification was necessary in order to deter- 
mine the cholic acid content of blood plasma. When the Reinhold and 
Wilson procedure was applied directly to blood plasma extracts, the tur- 
bidity that developed in the final blue colored solution interfered with 
colorimetric comparison. Use of the acetic acid medium not only elim- 
inated this turbidity, but also increased the intensity of the blue color, 
without altering the specificity or quantitative characteristics of the reac- 
tion. This increase in color intensity was approximately 25 per cent and 
was the same for taurocholic and glycocholic acids as for free cholic acid. 
a. Blood plasma. Your cubie-centimeters of plasma were pipetted into 
80 cc. of absolute ethanol; the mixture was shaken well, heated to boiling 
in a water bath and filtered while hot. The plasma protein precipitate 
was washed with 20 ec. of boiling alcohol and the filtered extract and wash- 
ing were cooled to room temperature and made up to 100 cc. volume; 50 
cc. of this extract were evaporated to dryness. The residue was suspended 
in 2.5 ec. of 60 per cent acetic acid, transferred to a centrifuge tube and 
centrifuged for at least 10 minutes at 2000 R.P.M. One cubic centimeter 
of the cleared solution was transferred to a small test tube (15 x 125 mm.) 
and exactly 6 ec. of 16N sulfuric acid and 1 cc. of 0.9 per cent furfural were 


io 
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added and mixed. The tube and contents were heated to 65°C. for 12 
minutes, then cooled to room temperature and compared in a micro-color- 
imeter with a cholic acid standard—using red light, 6100 to 6900 A, for 
illumination. 

Three cholic acid standards were prepared; 5 cc. of stock solutions, con- 
taining 0.25, 0.5, and 1 mgm. of cholic acid, were evaporated to dryness 
and treated as were the unknowns. The standard that matched the 
unknown most closely was used for colorimetric comparison. 

This procedure was suitable for measuring cholic acid concentrations 
between 8 and 100 mgm. per 100 cc. of plasma. To estimate concen- 


trations from 8 to 2 mgm., cholic acid was added to the plasma extracts 


0.25 mgm. to 50 ee. of extract. This mixture was treated as described 
above and compared with a standard solution containing 0.1 mgm. of 
cholie acid.! 

b. Urine and bile. The cholic acid concentrations of urine and bile 
were estimated in a similar manner, except that in the analysis of urine, 
it was necessary to deduct a blank value obtained by treatment of the 
urine extract with sulfuric acid from the value obtained after sulfuric acid 
and furfural treatment. 

Removal of cholic acid from the blood and excretion in the urine. Two 
groups of female rabbits (weighing 3 to 3.6 kilos) were used in this ex- 
periment. One group consisted of normal rabbits injected with sodium 
cholate. A second group consisted of animals that had received varying 
amounts of thyroxine prior to the injection of sodium cholate. The latter 
rabbits received either 7 daily injections of 0.2 mgm. of crystalline thy- 
roxine (Squibb) or 10 daily injections of 0.1 mgm., administered intra- 
venously. These amounts were used because they induced a marked 
increase in the toxicity of sodium cholate without producing definite 
pathological changes in the liver. 

All of these rabbits received 0.3 gram of sodium cholate? per kilo of body 
weight. The desired quantity of this bile salt was prepared as a 4 per cent 
solution in 0.9 per cent sodium chloride, adjusted to pH 7.6 and injected 
into the marginal ear vein at the rate of 1.5 cc. per minute. The animals 
treated with thyroxine were injected with sodium cholate 2 days after the 
last thyroxine injection. 

Fight to 10 ec. of blood were obtained by heart puncture prior to sodium 


' The cholic acid concentration of plasma from either normal or ‘‘hyperthyroid”’ 
rabbits is less than 2 mgm. per 100 ce. 

2 Cholic acid was prepared from ox bile by the method of White (4), M.P. 193 
195°C. The sodium salt was prepared by addition of the theoretical quantity of 
NaOH to an alcoholic solution of cholic acid. The crude product was recrystallized 
twice from absolute alcohol and heated to 105°C. for 5 hours to drive off the alcohol 
of crystallization. 
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cholate injection and at 5, 20, 35, 65 and 125 minute intervals afte 
pleting the injection. At the end of 125 minutes, the rabbits were 
and the urine was removed from the bladder and combined with that 
voided. Slices of liver were placed in Zenker’s fixative and microscoy 
sections were made. 

This experiment showed that sodium cholate is removed from the bloc 
of thyroxine treated rabbits more slowly than from the normals (table 1 
This was already apparent 5 minutes after completing the injection whe: 


average cholic acid concentrations were 53 mgm. per 100 cc. of plasma for 


the normals and 81 mgm. for thyrexine treated animals. This differenc 
became more marked during the later periods of the experiment. At 20 
and 35 minutes the average concentrations of cholic acid were 50 and 26 
mgm. for thyroxine treated animals as compared to 13 and 5.5 mgm. for 
the normals. At the end of 65 minutes the plasma of thyroxine treated 
rabbits still contained an average of 9 mgm. of cholic acid as compared 
with less than 2 mgm. for the normals. 

The data of table 1 also indicate that the removal of sodium cholate 
proceeds more slowly in the animals receiving the larger amounts ot 
thyroxine; this difference was not apparent until 20 minutes after the 
injection. At 20, 35 and 65 minutes, the plasma of rabbits receiving | 
mgm. of thyroxine contained 44, 21, and 7 mgm. of cholic acid per 100 ec. ; 
whereas the plasma of rabbits receiving 1.4 mgm. of thyroxine averaged 
56, 30 and 11 mgm. 

Thyroxine treatment had no effect on the urinary excretion of sodium 
cholate. The concentrations of cholic acid in the urine and the total 
amounts excreted varied considerably in different animals, but were 
essentially the same in normal and treated rabbits (table 1). The total 
quantities excreted were only a small fraction of the cholic acid injected 
in no case more than 2.5 per cent. 

Biliary secretion of cholic acid. Biliary fistulae were prepared in 36 
female rabbits which were divided into 4 groups, treated as follows. Group 
A consisted of 6 normal rabbits, injected with 25 ec. of 0.9 per cent sodium 
chloride solution. Group B consisted of 14 normal rabbits injected with 
0.3 gram of sodium cholate per kilo of body weight. Group C consisted 
of 5 rabbits that had received 7 daily injections of 0.2 mgm. of thyroxine; 
2 days after the last thyroxine injection, these animals were injected with 
sodium chloride solution. Group D consisted of 11 rabbits treated with 
thyroxine as were group C; 2 days after the last thyroxine injection they 
were injected with sodium cholate—the same amounts as in group B. 

Complete biliary fistulae were prepared by the method of Rous and 
McMaster (5) while the rabbits were under sodium amytal anesthesia 
The first hour’s collection of bile was always discarded, because control 
experiments showed that the volume was larger and more variable than 
the volumes of the subsequent 4 hours, which were fairly constant 
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TABLE 1 
The rate of removal of sodium cholate from the blood of normal and ‘‘ hyperthyroid’ 
rabbits 


CHOLIC ACID PER 100 cc. PLASMA CHOLIC ACID IN URINE 


RABBIT WEIGHT 


Minutes after injection 
NO LOST 


Prior to Per cubic 
injection centimeter 
20 35 65 


Per total 


Normal 


per cent mgm. mgm. mgm. mgm. mgm. mgm. mgm. 
58 14 <2 <2 0.26 11 
52 14 . <2 <2 0.29 10 
58 12 K <2 0.34 14 
53 12 <2 0.41 15 
51 2 r <2 0 
13 11 <2 0 
18 12 <3 0 


69 18 <2 
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Sodium cholate and sodium chloride solutions were injected, intrave- 
nously, 1 hour after the fistula had been prepared. Bile was collected at 
5, 20, 35, 65, 95 and 125 minutes after the injection; its volume was meas- 
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— 
| 
9 0.34 11 
10 0.29 16 
11 0.26 8 
12 0.44 13 
13 ] 0.18 10 
14 0.41 23 
15 0.36 14 
16 0.32 18 
0.21 13 
1.4 mgm. thyroxine 
0.27 18 
0.31 12 
(0). 28 14 
0.49 14 
0.21 10 
0.33 12 
0.21 8 
0.24 
0.27 
0.30 
0.29 
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ured and 1 volume of bile was extracted with 9 volumes of 95 per cent 
ethyl alcohol. 

Control rabbits. The average normal control rabbit secreted slightly mor 
bile than the thyroxine control (table 2)—-10.5 cc. per hour and 8 ce. per 
hour, respectively. The concentration of cholic acid was not affected by 


thyroxine treatment and was very low in both groups, averaging only 0.02 


per cent. Similarly, the concentration of conjugated bile acids was not 
affected by thyroxine treatment. Since our analytical method measured 
only free or combined cholic acid and Okamura (6) has demonstrated that 


TABLE 2 
The volume of bile secreted by normal and thyroxine treated rabbits after injections 


sodium chloride and sodium cholate solutions 
TOTAL VOLUME OF BILE COLLECTED 


GROUP AND TREATMENT Minutes after injection 


(A) Normals, injec- Maximum 
ted with so- Minimum 
dium chloride Average 


(C) Thyroxine, in- Maximum 
jected with so- Minimum 
dium chloride Average 


(B) Normals, injec- | Maximum 
ted with so- Minimum 
dium cholate Average 


(D) Thyroxine, in- | Maximum 
jected with so- {| Minimum 
dium cholate Average 


glycodeoxycholic acid is the principal bile acid in rabbit bile, we determined 
the total conjugated bile acids, using the method of Smith, Groth and 
Whipple (7). The results showed that normal rabbit bile contained 0.97 
per cent glycodeoxycholic acid as compared with 0.94 per cent for the 
thyroxine controls. 

Rabbits injected with sodium cholate. The bile volume of normal and 
thyroxine treated rabbits increased following the injection of sodium 
cholate (table 2), but both the total volume and the raté of secretion were 
much larger in the normal animals than in those treated. During the 35 
minutes immediately following the injection, the average normal rabbit 
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5 20 a5 65 95 125 

& 5 15 24.1 32 6 

1.3 7 12.9 167 

5 6 10.8 16.1 

6 1 16 7 21 0 

3.5 98 13.2 

12 8 5 12 4 15.7 

2.4 10.7 17 8 27 8 36 8 15.2 

1.6 6.2 10.7 16.0 20 6 24 9 

2.1 8.6 14 1 21.8 28 6 34 7 

1.4 68 12 4 19 4 24.4 28 4 

0.3 a 3.4 6.1 8 6 10.2 

1.0 4.5 1] 14.2 18.2 22.0 
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secreted 14 cc., whereas the thyroxine treated rabbit secreted only 8 ce. 
During the next 90 minutes, the normal rabbits secreted bile at the rate of 
14 ce. per hour as compared with 8 ec. for the treated animals. The total 
volume of bile collected during the experiment averaged 34.7 cc. for the 
normals and only 22 cc. for the thyroxine group. 

After the injection of sodium cholate, the bile of thyroxine treated rabbits 
did not contain as high a concentration of cholic acid nor was the maxi- 
mum concentration reached as soon as in the normals (table 3). In the 
bile of the normals, the cholic acid concentration increased rapidly and 
reached a maximum of 3.11 per cent between the 5 and 20 minute periods; 
this concentration was maintained during the 20 to 35 minute period and 
then dropped rapidly to 1.07 and 0.61 per cent at the end of 95 and 125 
minutes. In the bile of the thyroxine treated rabbits, the cholic acid 


TABLE 3 
The concentration of cholic acid in the bile of normal and thyroxine treated rabbits 
after the injection of sodium cholate 


CHOLIC ACID CONCENTRATION 
GROUP AND TREATMENT Minutes after injection 
20 35 5 95 125 


percent percent percent percent percent per cent 
(B) Normals, injec- Maximum 1 87 12 | 3.33 | 2.91 1.59 1.05 
ted with so- Minimum 0.36 47 | 2.08 1.15 | 0.80 | 0.29 

l 


dium cholate Average 1.31 3.11 2.85 92 1.07 0 61 


(D) Thyroxine, in- Maximum 1.74 | 2.74 | 3.06 | 2.61 
jected with so- Minimum 0.20 | 0.86 | 1.64 61 
dium cholate Average 0.74 1.96 2.46 2.33 


concentration increased more slowly and did not reach its maximum until 
the 20 to 35 minute period. This concentration Was maintained up to 95 
minutes and at the end of 125 minutes was still 1.56 per cent. 

The rate of recovery of cholic acid was consequently more rapid in the 
normals than in the treated rabbits (table 4). Twenty minutes after the 
injection of sodium cholate, 30 per cent of the injected material had been 
recovered in the bile of the normals and only 12 per cent in the treated 
animals; at 65 minutes the recovery was 74.5 and 45 per cent respectively, 
and at the end of 125 minutes, 90 and 66 per cent respectively. 

A comparison of the rate of removal of sodium cholate from the blood 
with the rate of secretion into the bile indicates that thyroxine treatment 
has a greater inhibiting effect on the bile secreting mechanism than on the 
blood clearing. Within 65 minutes of the time of injection, the normal 


3.18 | 2.38 
1.21 0 61 
2.14 1.56 
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rabbit eliminated 100 per cent of the sodium cholate from the blood an 
thyroxine treated animal eliminated 97 per cent. During thi 

the normals secreted 75 per cent of the injected bile salt 

whereas the treated animals secreted only 45 per cent. 

Discussion. ‘These results indicate clearly that the retention of sodium 
cholate in the blood of thyroxine treated rabbits is due to the inability of 
the liver to secrete this bile salt into the bile. This is probably the result 
of liver injury, for experimental hyperthyroidism frequently induces 
degenerative changes in the liver (8). In our animals the injury was not 
severe enough to be demonstrated histologically. The injury was ex- 
tensive enough to produce impairment of bile secretion— particularly 
evident when a heavy load was placed on the secreting mechanism as by the 
injection of sodium cholate. In this respect, thyroxine treatment pro- 


TABLE 4 


The recovery of cholic acid in normal and thyroxine treated rabbits 


RECOVERY OF INJECTED CHOLIC ACID 
GROUP AND TREATMENT Minutes after 
20 35 5 5 125 


percent percent percent per cen per cent 


(B) Normals, injec- Maximum 37.6 | 67.8 86: 94.4 98.0 
ted with so-< Minimum 17.6 | 37.0 | 73.6 | 


dium cholate Average 5.4 30.0 54.0 74. 84.5 


(D) Thyroxine, in- Maximum 45 21.6 : 65 74 
jected with so- 4 Minimum 3.: 22 32 


dium cholate Average 24! 14 57 


duces results similar to those produced by chloroform and carbon tetra- 
chloride poisoning (9). 


SUMMARY 


The removal of sodium cholate from the blood, its excretion in the urine, 
and its secretion into the bile was studied in normal and thyroxine treated 
rabbits. 

Sodium cholate was removed from the blood of normal rabbits very 
rapidly. Treatment with thyroxine retarded the rate of removal; this 


delay was greater in the rabbits receiving the larger amounts of thyroxine. 


Only a small amount of the total sodium cholate injected was excreted 
in the urine; this amount was essentially the same in normal and treated 
rabbits. 
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Thyroxine treatment did not affect the volume of bile or the concen- 


trations of cholic or glycodeoxycholic acids secreted under normal cir- 


cumstances. 

Following the intravenous injection of sodium cholate, rabbits treated 
with thyroxine did not secrete this bile salt into the bile as rapidly as did 
normal rabbits. This was due to the inability of the treated animals to 
secrete as large a volume or as concentrated a bile as that of normal animals 

It has been suggested that these changes are due to a mild liver injury 
resulting from thyroxine treatment. 


I am indebted to Miss Nancy M. Corbin for assistance in preparing the 
biliary fistulae, to Miss Florence Case for preparing the microscopic sections 
and to Drs. Ida G. Schmidt and Douglas B. Remsen for studying the 
microscopic preparations. 
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In examining some of the possible factors which might have a bearing 


upon the duration of life in uremia the influence of bilateral adrenalectomy 


upon the survival time of doubly nephrectomized rats was observed. 
This was done because of the evidence (1) that in the absence of the 
adrenals there is a reduction in the rate of protein catabolism. The rats 
were males, weighed between 160 and 218 grams, and had been fasted for 
48 hours before operation. The kidneys and the adrenals were removed 
under ether anesthesia in the same manner (2, 3) as we have used for 
many thousands of rats. The operation rarely requires more than 2 or 3 
minutes when systematized, and the rats are active and well recovered 
within 5 to 10 minutes more. The average weights of the nephrectomized 
group (20 rats) were 209 grams before fasting, 193 grams at operation, 
and 189 grams when they died, and of the adrenalectomized-nephree- 
tomized group (20 rats) 210, 196 and 191 grams respectively. Each rat 
was given, daily, 5 ce. of water by stomach tube. They were kept in 
individual cages at a constant temperature of 75°F. and allowed water ad 
lib. but seldom took any. The time of death was recorded to within one 
hour. There was no group which was simply adrenalectomized, but we 
know from many other experiments under similar conditions that this 
procedure leads to a fasting survival period far longer than 100 hours. 
The duration of life of the nephrectomized rats varied from 55 to 79 hours 
with an average survival of 67 hours. The rats which were adrenalec- 
tomized as well as nephrectomized lived from 29 to 46 hours with an 
average of 37 hours. These results show that bilateral adrenalectomy 
greatly reduces the survival time of rats made uremic by bilateral nephrec- 
tomy. 

Our results constitute an independent confirmation of those reported 
recently by Ingle and Kendall (4). They performed this experiment to 
test the hypothesis that the chief cause of death in adrenal insufficiency 
is loss of sodium and chloride (5) and that the essential action of cortin 
is on the kidney itself (5, 6). Neither their results nor our experiments 
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support the importance of the loss of anything through the kidneys as the 
chief factor in death from this source and other data of Ingle and Kendall 
(4) indicate very definitely that the kidney is not the essential site of 
cortin action. 

The retention of some toxic substance in the serum, which is normally 
destroyed through the activity of the adrenals, or is usually excreted by 
the kidneys and reaches the serum from the tissues or red blood cells in 
unusual amounts seems the most likely explanation of the manner by 
which adrenalectomy hastens the death of uremic rats. Potassium is a 
likely possibility. In uremia in human beings potassium is retained by the 
body (7, 8) and potassium salts have been found to be toxic in this condi- 
tion (9). Baumann and Kurland (10) found that the serum potassium was 
raised in adrenal insufficiency but were inclined to consider the diminution 
of plasma sodium which they observed as more important. Hastings and 
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Fig. 1. Serum potassium as altered by adrenalectomy and nephrectomy. 


Compere (11) found very high serum potassium figures after bilateral 
adrenalectomy in dogs. Since these were about the same at death as the 
serum concentration which was fatal following the injection of potassium 
chloride into normal dogs they concluded that the high terminal concen- 
tration of potassium may be of importance in the cause of death following 
removal of the adrenal glands. This view has gained support in the ob- 
servations of others that potassium salts are toxic for adrenalectomized 
dogs (12) and that a low potassium diet is important in the treatment of 
adrenal insufficiency in man (13). The influence of double adrenalectomy 
and nephrectomy, separately and together, on the serum potassium was 
determined to evaluate this factor as a possible cause in the death of these 
animals. Incidentally, serum sodium was determined to find out whether 
there was any loss of this element from the blood following adrenalectomy 
when the kidneys were removed as an avenue for its escape. 
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SERUM K AND Na AFTER ADRENALECTOMY AND NEPHRECTOMY 


For the potassium figures adult male rats 180 to 295 grams in we 
were used. The sodium determinations were made on serum from : 
female rats 175 to 270 grams in weight. They were treated as in the first 
experiment but etherized before they died and blood obtained by severin 
the large abdominal vessels. The specimens were centrifuged for serum 
at once. Potassium was determined titrimetrically threugh the platini 


chloride salt (14) and sodium gravimetrically (15 Fach point in figure 


1 was obtained from an individual animal while the sodium figures a 
averages of the results from six rats in each group. The average serun 
sodium for the controls at the start of the experiment was 139 m. eq. per 
liter. Twenty-four, forty-eight and seventy-two hours after adrenalec- 
tomy the average serum sodium figures were 131, 141 and 137 and after 
nephrectomy 138, 138 and 143 m.eq. sodium per liter respectively. 
Twenty-four hours after both the kidneys and adrenals had been removed 
the serum sodium was 141 m. eq. per liter. Although there was some 
decrease on the second day the results indicate that any sodium loss from 
the blood in adrenal insufficiency with the kidneys removed is accompanied 
by essentially a normal amount of fluid. In this connection it should be 
mentioned that the blopd specimens from both the adrenalectomized rats 
as well as those which were also nephrectomized contained a larger volume 
of erythrocytes than normal, while the blood from the nephrectomized 
rats had fewer red cells than usual. It is also of interest that while large 
blood specimens (8-10 cc.) could easily be obtained from nephrectomized 
rats, only a few cubic centimeters (3-4 ec.) were obtainable from adrenalec- 
tomized rats whether their kidneys had been removed or not. 

The serum potassium figures in figure 1 show quite clearly that potas- 
sium retention is not the cause of the decrease in the duration of the life 
of adrenalectomized rats following bilateral nephrectomy. For an ex- 
planation of this we must seek elsewhere. 


SUMMARY 


Bilateral adrenalectomy decreases by half the duration of life of uremic 
doubly nephrectomized rats. The most likely explanation of this is the 
retention in the serum of some toxic substance which does not reach the 
serum in the presence of the adrenals or is excreted in the urine when the 
kidneys but not the adrenals are present. Observations of the serum 
potassium which may be increased in both adrenal and renal insufficiency 
indicate that it is not responsible for the deleterious influence of adrenalec- 
tomy upon experimental uremia. 
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Some investigators have maintained that duodenal ulcer lue solely 
to the passage of large quantities of acid gastric juice into the duodenun 
This idea received support recently by the observations of Silbermann (1 
who “sham fed’’ dogs having an esophagostomy and reported that gastriv 
and duodenal ulcers were found three weeks later. 

Having had experience in our laboratory, at various times, with a 
number of esophagostomized dogs in which sham feeding tests were per- 
formed and in which no ulcers were found, we were skeptical of the true 


meaning of Silbermann’s observations. Esophagostomized dogs require 
experienced care; and if not fed properly they lose weight, develop diarrhea, 
and may vomit considerably. Moreover, it seemed to us that the ulcers 
observed by Silbermann were of the type which result from vomiting and 


malnutrition. However, our minds were open on the subject because as 
a general rule we did not “sham feed’ our earlier dogs more frequently 
than once a day. 

Esophagostomy was performed in 10 healthy dogs, trauma to the vagi 
being avoided. These dogs were then sham fed three times daily; morning, 
noon, and late afternoon. They were allowed to sham feed as long as they 
would eat, which averaged from 30 to 45 minutes. In the evening their 
daily ration, consisting of freshly ground beef, prepared dog food, cod 
liver oil, bread, and milk was fed by stomach tube. 

By doing gastric analyses every week we were sure that all of the dogs 
were responding to sham feeding. Thirty minutes after a “sham period’ 
the free acidity of the gastric contents averaged 105 clinical units; thirty 
minutes later it was 100 clinieal units, and by the end of 3 hours it was 
reduced to around 60 clinical units. Individual variations from this 
average picture were occasionally observed. Evidence was obtained 
indicating that a copious flow of gastric juice resulted from sham feeding, 
but the stomach was not drained regularly since we desired to avoid the 
additional factor of trauma from frequently repeated gastric aspirations 
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Five of the dogs were kept on a submaintenance diet so they would 


lose weight and were sham fed three times daily. These dogs were sacri- 
ficed between 20 and 60 days to simulate Silbermann’s experiments. The 
animals lost from 10 to 40 per cent of their original weight. They also 
developed a progressive secondary anemia and showed a 10 per cent reduc- 
tion of the CO. combining power of the plasma. On the 35th and 40th 
days two of the dogs showed acid hematin in their gastric contents. At 
autopsy, the duodenum was found to be slightly inflamed, but no erosions, 
ulcers, or sears could be found, either grossly or microscopically, in the 
mucosa of the stomach or duodenum in any of the animals. 

The other five dogs were given a maintenance diet and were sham fed 
three times daily for 72 to 102 days. They remained in excellent condi- 
tion, losing only from 4 to 10 per cent of body weight. During the first 
50 days of sham feeding no evidence of blood in the gastric contents or 
feces was obtained, which caused us to believe that no ulcers were present. 
We then decided to augment the acid irritation of the gastro-duodenal 
mucosa by introducing 300 cc. 0.36 per cent HCl into the stomach after 
the morning and noon sham feedings. After ten days of this treatment 
the concentration of the acid was increased from 0.36 per cent to 0.50 
per cent. This was given twice daily for seven days, but because it 
produced vomiting and regurgitation of bile the concentration of acid was 
reduced to the original 0.36 per cent. During this period the two smallest 
of the five dogs showed acid hematin in their gastric contents. On con- 
tinued treatment with 0.36 per cent acid, one of the dogs continued to show 
acid hematin in the gastric contents. On the 72nd day he was sacrificed 
and at autopsy, although the stomach was filled with “coffee grounds’”’ 
fluid, no gastric erosions, ulcers or scars could be found. A hemorrhagic 
duodenitis without erosions or ulcers was present. The remaining four 
dogs were etherized between the 94th and 102nd days. At autopsy the 
gastric mucosa showed no changes. Varying degrees of duodenitis were 
present, but there was no gross evidence of erosions or ulceration. Micro- 
scopically the inflammatory condition appeared to be secondary to a 
vasodilatation, but no red blood cells were observed in the tissue spaces. 

During the course of these experiments we also studied the neutralization 
and dilution of the HCI introduced after the sham feedings. Neutraliza- 
tion was followed by determinations of free HCl, free and total chlorides, 
and phenol red determinations were used to estimate dilution (2). 
Twenty-two tests were performed on 4 dogs. The type of response varied. 
In seven instances no regurgitation of intestinal fluid occurred, the gastric 
acidity remaining high for three hours. In twelve instances dilution and 
partial neutralization resulted from the regurgitation of duodenal con- 
tents. In three instances dilution and partial neutralization appeared to 
result from continued secretion of gastric juice high in neutral chlorides. 


EFFECT OF HYPERSECRETION ON GASTRO-DUOQDENAL MI 


The results of such experiments impress one with the efficiency ot t 
regulating mechanism. 

Discussion. The acid genesis of gastro-duodenal ulcerative 
has recently been emphasized by Matthews and Dragstedt (3), w 
follows the general trend of the reports of Lindau, Wulff, (4), and many 
other investigators. Ivy, Orndorff and Bergh (5) studied thre 
dogs to determine the effect of hypersecretion and hypermotility. One 
group Was injected with histamine every 2 hours for 60 days, the second 
group With pilocarpine every 2 hours for 37 days, and the third group with 
pilocarpine and histamine every 2 hours for 50 days. These injections 
were followed by hypersecretion and hypermotility, but they were “unable 
to produce chronic ulcers in dogs by exposing the mucosa of the stomach 
and duodenum for long periods of time to the constant activity of a gastric 
juice rich in acid and pepsin.” Our results are in line with those of Ivy 
and are in contrast to those of Silbermann (1), who reported that after 3 
weeks of sham feeding ulceration occurred in four dogs. Moreover, we 
augmented the insult to the gastro-duodenal mucosa by addition of hydro- 
chloric acid for the last 45 days of a 100 day period in which the animals 
were sham fed three times daily. Our animals were in better physical 
condition and had higher red blood counts and hemoglobin values at the 
end of 90 days than at the end of the first month. This may have been 
due to the development of a compensatory protective mechanism. 

These observations do not imply that hydrochloric acid and pepsin are 
not predisposing factors in the genesis of ulcer or in delaying the healing 
of an ulcer, or that the irritating acid of acid gastric chyme is not a factor 
in the genesis of the jejunal ulcer which occurs in Mann-Williamson dogs 
in which pancreatic juice and bile are diverted into the lower ileum, or in 
the genesis of jejunal ulcer in man. They simply show that, experi- 
mentally, in the dog factors other than acid alone are concerned in the 
genesis of a perforating or chronic gastric or duodenal ulcer. 

Clinically, the gastro-duodenal mucosa is seldom exposed to continuous 


secretion for 10 or 12 hours of the acid magnitude present in our experi- 
ments. Our findings indicate that the increased irritation from the acid 
gastric secretion may not be adequate to cause true ulceration unless 
there is a sufficient reduction of the protective secretions and other pro- 
tective factors whereby the balance between the destructive and protective 
factors is upset. 


The clarification of ulcer etiology and pathogenesis must take into 
consideration not only the process concerned with tissue destruction but 
also the processes concerned with protection and tissue repair. 


CONCLUSIONS 
In these experiments the gastro-duodenal mucosa, which had not been 
previously surgically traumatized or disturbed, was subjected to the aetion 
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of acid gastric juice or relatively high free acidity and pepsin content 
The flow of gastric juice was obtained physiologically by ‘‘sham feeding”’ 
esophagostomized dogs. Acid irritation was present for 10 to 12 hours 
daily over a period of 20 to 102 days. At autopsy the gastric mucosa 
showed no changes and the duodenum only minor degrees of duodenitis 


There were no tissue defects, erosions, or ulcerations. We conclude from 
our experiments that acid gastric juice, per se, is not sufficiently destructive 
to overcome the normal protective factors which inhibit or prevent gastro- 
duodenal ulceration 
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In some preliminary experiments, in which we were interested primarily 
in carotid sinus reflexes, we noted that administered carbon monoxide 
produced no rise in blood pressure. 

Carbon monoxide acts as an asphyxial agent by combining with hemo- 
globin. This was first shown by Claude Bernard in 1857. J. B. Haldane 
(1895a) showed that carbon monoxide could act in no other way. A 
mouse given sufficient carbon monoxide to saturate all of its hemoglobin was 
quite normal when subjected to a pressure of two atmospheres of oxygen. 
A cockroach, representing an animal containing no hemoglobin, remained 
quite normal in an atmosphere of 80 per cent carbon monoxide and 20 
per cent oxygen. Peters and Van Slyke (1931) sum up the evidence by 
stating that the action of carbon monoxide in doses sufficient to kill “‘is 
entirely an affair of the blood, and that there is no evidence that intoxica- 
tion of the tissue cells occurs except from lack of oxygen.’” Furthermore, 
as is well explained by Barcroft (1932) and by Peters and Van Slyke (1931), 
‘-arbon monoxide prevents the dissociation of oxygen from oxyhemoglobin 
at low oxygen tensions, such as exist in the capillaries. Thus we would 
expect the symptoms of carbon monoxide poisoning to be similar to those 
of anoxic anoxia, such as that produced by pure nitrogen administration 
but, because of the effect of carbon monoxide on oxyhemoglobin in the 
sapillaries, we would expect them to be more severe. J. B. Haldane 
(1895b) drew a direct parallel between the physiological effects of the oxy- 
gen lack of altitude and that of carbon monoxide degree for degree, using 
oxygen content of blood as the measuring stick. 

The work of Mares (1903), Hill and Flack (1908), and Mathison (1911) 
showed that a rise of blood pressure follows the onset of oxygen lack un- 
complicated by carbon dioxide accumulation. But the work of Sollmann 
and Pilcher (1911) led to opposite conclusions. Recent work dealing 
with the carotid sinus (Bouckaert, Dautrebande and Heymans, 1930; 
Heymans and Bouckaert, 1932; Schmidt, 1932; and Heymans, Bouckaert, 


1 The present investigation was aided in part by a grant to the University of 
Chicago from the Rockefeller Foundation. 
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and Regniers, 1933) leaves no doubt that the original finding of Mares 
was correct. 
plained. These workers used decerebrate curarized dogs which were kept 
alive by continuous insufflation of oxygen. They produced asphyxia by 
stopping the flow of oxygen and they produced anoxemia without increas- 
ing the carbon dioxide content by the substitution of a steady flow of 
illuminating gas (probably containing 30 per cent to 40 per cent carbon 
monoxide) for the oxygen. 

In view of the above facts it was felt that any study of the differences 
in physiological responses between anoxic anoxia and the anemic anoxia 
produced by carbon monoxide would be of value. 


The results of Sollmann and Pilcher, then, remain unex- 


Therefore these ex- 
periments were designed. 

MetuHops. Dogs were used in all experiments. Nembutal, 35 mgm. 
per kilogram intraperitoneally, or barbital, 200 mgm. per kilogram. in- 
travenously was used for anesthesia. In some cases it was necessary to 
supplement barbital with some ether during the operative procedure, but 
in these cases at least two hours elapsed after the ether was taken away 
before proceeding with the experiment. 

A tracheal cannula was inserted for administration of gas mixtures. 


Blood pressure was recorded from one femoral artery while the opposite 


femoral artery was exposed for the taking of arterial blood samples. 
Gas mixtures were given as indicated in the following series of experi- 
ments: 


.Pure nitrogen 

Pure nitrogen in dogs that have had their 
carotid sinuses denervated and their 
vagi sectioned 


Experiments 1 to 5 inclusive 
‘xperiments 6 to 8 inclusive 


‘xperiments 9 to 15 inclusive 


‘xperiments 16 to 18 inclusive. .. 


xperiment 19..... 
2xperiment 20. . 
oxperiment 21... 
‘xperiments 22 to 29 


‘xperiment 30 
“xperiments 31 and 32 


Pure carbon monoxide 
10 per cent carbon monoxide and 90 per 
cent oxygen 


..50 ce. carbon monoxide per kilogram 


40 cc. carbon monoxide per kilogram 


.15 ec. carbon monoxide per kilogram 


10 per cent carbon monoxide and 90 per 
cent air 
5 per cent carbon monoxide in nitrogen 


.10 per cent carbon monoxide and 90 per 


cent nitrogen 


The carbon monoxide was generated by allowing formic acid to drop 
from a separatory funnel into a flask of sulphuric acid heated in a water 
bath to 100 degrees. The generated gas was made to pass through a gas 
absorption tube containing a solution of NaOH to absorb what little car- 
bon dioxide may have been generated along with the carbon monoxide, 
and the carbon monoxide was then collected over water in an aspirator 
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bottle. Tank nitrogen and tank oxygen purchased from the Air Redue- 
tion Company, Chicago, were used. Gas mixtures were placed in a Bailey 


TABLE 1 


Blood pressure changes and analyses of blood samples 


BLOOD PRES- 
SURE PER 
CO cONTENT CENT OF Oy CONTENT IN 
IN VOLUMES CHANGE FROM VOLUMES PER 
CONDITIONS OF EXPERIMENT PER CENT CONTROL AT ENT 
TIME OF TAK- 
ING SAMPLE 


CO: CONTENT 
MILLIMOLES PER 
LITER ON WHOLF 

BLOOD 


EXPERIMENT NUM- 


N.2-normal 
N.-normal 


N.-denervated 
N.-denervated 
N.-denervated 


Pure CO 
Pure CO 
Pure CO 
Pure CO 
Pure CO 
Pure CO 
Pure CO 


w 


or oo = 


o 


10% CO + 90% O2 
10% CO + 90% O2 
10% CO + 90% Oz 


ort 


10% CO in air 
10% CO in air 
10% CO in air 
10% CO in air 
10% CO in air 
10% CO in air 
10% CO in air 


5% CO+ 95% Nz 12 10 
10% CO+ 90% Ne 209 — — 19 


a indicates the first or 


“e 


normal’’ blood sample. 
b indicates the second or that sample taken during or Just after gaseous admin- 
istration. 
c indicates the third or that sample taken on some critical point on the recovery 
curve. 


(1921) gasometer of 100 liters capacity containing a counterbalance wheel 
to compensate for the weight of the bell when it was above water. Connec- 


tions were made with 2 inch copper tubing and with 3? inch rubber tubing. 


] 23 11908 
2 +13 194 2 1 
6 60 15.3) 2.6 
7 -35 1.8 
10 1.5 
9 21.1 17.1 —35 10 19.4 0.9 3.5 
10 18.3} 11.3 28 0 16 o.4| ¢.2 | 21.6) 21.2/22.1 
11 23.4 63 23 
12 17.0 —12 17 0.5 
13 13.5, 8.3, —28 7, 19 6.711.4 - 
14 19.5 15.9 35 019008 43 
15 19.4 - 32 14.825 
16 18.0) 17.6) +10; 22.2, 3.9 4.6 | 15.4) 15.819.2 
17 19.4 18.3; —10 22 4.8 7.4 | 17.0) 16.8)16.8 
18 17.0 —42 18 3.6 
22 23.4 24.4 20.4 0 2.0 | 15.3 14.2:13.4 
23 18.1, 16.9 —35 +10 17.3 6 4.0 | 16.9 17.317.1 
24 20.0 17.5 —25) +60 252 85 83, 8.0 10.211.8 
25 21.5) 21.1 17, +17. (19.5 0 2.4 18.6 16.817.2 
26 19.2 17.8 —22 +5 17.1 3| 3.6 | 17.3) 14.4:15.5 
27 17.7 +10 17.6 4 13.3} 15.1 
28 22.3 18.9 —43) +10 21.1 0.7 4.3 | 17.5 16.917.1 
30 1.8 0 13.6 
32 > 0.0 
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A T-connection was made close to the insertion of the tracheal cannual 
and two valves were used to direct the flow of air. The air from the 
outlet valve was led up a draft flue. In those experiments in which we 
used definite amounts of carbon monoxide plus oxygen we administered 
the gas in a closed system, adding oxygen as necessary and absorbing the 
carbon dioxide as generated as done in the carbon monoxide inhalation 
method for the determination of blood volume (Chang and Harrop, 1928). 

Amounts of 5 to 6 ec. of arterial blood were taken for analysis of oxygen 
content and carbon monoxide content and, in some cases, for hemoglobin 
content and for carbon dioxide content of whole blood. The oxygen and 
carbon monoxide expressed as volumes per cent and the carbon dioxide 
content expressed as millimoles per liter were determined by the method 
of Van Slyke and Neill (1924). When hemoglobin determinations were 
made the method of Palmer (1918) or the direct method, that of determi- 
nations of oxygen capacity by saturating blood with air (Stadie, 1921) 
and then determining the oxygen content, was used. The first blood 
sample was taken just before the gas mixture was turnedon. The second 
sample was taken either just before or just after the gas mixture was 
turned off except where otherwise indicated. If the animal recovered 
an attempt was made to take a third sample at some critical point on the 
recovery curve. 

Resutts. The findings in those cases where pure nitrogen was ad- 
ministered (figs. 1 and 2)? to five normal dogs and to three dogs that had 
had their carotid sinuses denervated and their vagi cut confirm the findings 
of those who had previously worked on this subject. In an atmosphere 
of pure nitrogen, experiments 1 to 5 inclusive, those dogs that were not 
denervated showed blood pressure changes of 18 per cent to 75 per cent 
above the normal followed by a fall. Those dogs that had had their vagi 
cut and their carotid sinuses denervated (expts. 6, 7 and 8) showed no rise 
in blood pressure while breathing pure nitrogen but only a fall (fig. 2). 
Three of the normal dogs (dogs 2, 4, and 5) recovered on return to air, 


2 For convenience the experiments are identified by numbers. Numbers omitted 
from the table showing the blood analyses indicates either that no blood samples 
were taken for that experiment or that no analysis had been successfully completed. 
Letters a, b and ¢ in the table indicate, respectively, the first or ‘‘normal’’ blood 
sample; the second, or that sample taken during or just after gaseous administration ; 
and the third sample, or that sample taken on some critical point on the recovery 
curve. On the figures the time of taking the a sample is not indicated—it was always 
taken just before the experimental gas mixture was turned on. The time of taking 
the b sample is at the junction of the broken line (representing the duration of the 
administration of the gas mixture) and the solid line (representing access to air) in 
every experiment excepting two—experiments 27 and 30—where the time of taking 
this sample is indicated as follows 27b and 30b. When taken, the time of taking the 
c sample is indicated in each case as follows 10c or 13c. 
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two of these (dogs 2 and 5) after artificial respiration had been performed 
The recovery was marked by another rise in blood pressure, a rise of 28 
per cent, 63 per cent and 72 per cent respectively above the normal. Two 
of the denervated animals (dogs 7 and 8) were successfully revived with 
the aid of artificial respiration after they were made to breathe air and the 
blood pressure levels of these dogs surpassed their normal blood pressure 
levels by 18 per cent and 30 per cent. 

In those animals in which pure carbon monoxide was administered a 
sharp drop in blood pressure was evidenced after the first or second breat! 
taken (fig. 3). Of seven animals (dogs 9 to 15 inclusive) given this ga- 
four recovered after the gas was turned off. One of these (dog 9) main- 
tained a blood pressure level 10 per cent above that of the normal for 
about two minutes and returned in another minute to the normal level 
In the other three animals that recovered (dogs 10, 13 and 14) a return 
to a normal or slightly super-normal peak was reached where it did not 
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Fig. 1 


remain but gradually dropped to a new level which it maintained for the 
duration of the observation. 

Six animals were given mixtures of carbon monoxide and oxygen 
Three of these (dogs 16, 17 and 18) were made to inhale a mixture of 10 
per cent carbon monoxide and 90 per cent oxygen (fig. 4). The other 
three were given definite amounts of carbon monoxide per kilogram: 50 
ee. of carbon monoxide per kilogram in experiment 19, 40 cc. of carbon 
monoxide per kilogram in experiment 20, and 15 ce. of carbon monoxide 
per kilogram in experiment 21. Drops in blood pressure were the only 
changes evidenced following the administration of the gas mixtures. Of 
three of these animals which were permitted to breathe air again before 
death one, dog 16, reached a supernormal blood pressure peak which then 
gradually dropped. The other two, dogs 17 and 18, did not again reach 
the normal blood pressure level. 

Eight animals (dogs 22 to 29 inclusive) were given a mixture of 10 per 


} 

~ 

= | 
Ny administration \ — Returm to en 
+40 
Time m minutes 
| Fig. 2 


96 N. R. BREWER 


cent carbon monoxide and 90 per cent air (fig. 5). Of these, dogs 23 and 
28 responded in the same manner as those given pure carbon monoxide 
or carbon monoxide plus oxygen, i.e., with a drop in blood pressure and, 
on return to air, a rise to a super-normal level followed by a gradual drop 
to a level below normal at which height it remained. The other six ani- 
mals responded by a rise in blood pressure to about 10 per cent above the 
normal before dropping sharply. Three of these showed slight depres- 
sions before the rise. Five of the six dogs recovered—all reaching blood 
pressure levels above the normal. 

In the group that had received a mixture of carbon monoxide plus 
nitrogen (dogs 30, 31, and 32; fig. 6) the response most nearly corresponded 
to that of pure nitrogen—there was a rise ranging from 15 per cent to 
50 per cent above normal in all three cases followed by a fall. In one 
case, dog 31, where the fall had only gone to 8 per cent below normal at 
the time that the animal was returned to air there was a gradual rise on 


to Pure CO Hemodynamic Responses to Mixture f COand ¢ 


recovery to 20 per cent above normal followed by a more gradual return 
to the normal level. 

DISCUSSION OF RESULTS. As had been repeatedly shown the condition 
of anoxic anoxia such as that produced by the administration of an inert 
gas resulted in a rise of blood pressure followed by a fall when the carotid 
sinus and aortie depressor nerves were intact, and only a fall in blood pres- 
sure when the above mentioned nerves were eliminated. Those animals 
that recovered upon having access to air invariably showed a blood pres- 
sure response that rose to great heights above the normal. Hill and Flack 
(1908) also noted such rises in animals recovering from nitrogen adminis- 
tration. They state: “Upon the admission of air, the heart escapes from 
vagus inhibition, and beating with great force quickly drives the blood 
pressure to a height.” It is obvious from our experiments that the release 
from vagus inhibition was not the sole cause of the sudden rise in pressure 
during recovery because the rise occurred in vagotomized animals. It is 
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probable that the rise was not due to carbon dioxide accumulation for there 
was no consistent rise in carbon dioxide content with the rise in blood pres- 
sure. It could not have been due to any latent effect on the carotid sinus 
and aortic depressor nerve endings because it occurred even when thes 
were eliminated. There is some evidence (Kellaway, 1919a; 1919b) that 
anoxia can stimulate the adrenals to increase their output of adrenalin, 
but there is also evidence that the adrenals are not necessary for the rise 
in blood pressure in cerebral anemia (Rogoff and Coombs, 1923; Rogoff, 
1924). 

The failure of a rise in blood pressure to occur during carbon monoxide 
administration when this gas is administered with pure oxygen may be 
explained if we accept the evidence that the chief site of action in effecting 
the rise in blood pressure during the administration of pure nitrogen i- 
at the carotid sinus and aortic depressor nerve endings. When pur 
oxygen supplements the carbon monoxide, although the orygen content 
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of the blood in the arteries is greatly reduced, the orygen tension is greatly 
increased and the aortic depressor and carotid sinus nerve endings, being 
among the first of the tissues to benefit from this increased oxygen tension, 
are permitted to draw on the oxygen freely so that. as far as those tissues 
are concerned, there is no anoxia and therefore no reflex effect resulting 
from anoxia. 

The failure of a blood pressure rise to occur when pure carbon monoxide 
is administered is due to the toxic effect of pure carbon monoxide. It has 
been shown (Warburg, 1926; Haldane, 1927) that when the carbon monox- 
ide tension reaches great heights it reduces tissue metabolism. 

If the foregoing interpretations are correct then it should occasion no 
surprise to find that a rise in blood pressure is obtained when 10 per cent 
carbon monoxide and 90 per cent nitrogen are given. This procedure is 
necessary to show that the concentrations of carbon monoxide used are 
not necessarily poisonous to the carotid sinus and aortic depressor nerve 
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endings. It also supports the hypothesis that absence of a rise in blood 
pressure during the administration of carbon monoxide and oxygen is due 
to the oxygen dissolved in the plasma. 

When carbon monoxide and air are used there may or may not be a rise 
in blood pressure. When a rise in blood pressure is observed the degree 
of the rise is not as great as that obtained during the administration of 
pure nitrogen or of nitrogen and carbon monoxide. The oxygen tension 
in the pulmonary vein is normal. It is conceivable that the tissues of the 
heart and the great vessels would draw on some of this limited supply of 
oxygen so that by the time the carotid sinus is reached the tension of the 
oxygen could be materially reduced—enough to cause a reflex rise in 
blood pressure at times. 


SUMMARY AND CONCLUSIONS 


It is generally assumed that the physiological responses of carbon 
monoxide poisoning in doses sufficient to produce any effect is alike in all 
respects to the effects of anoxic anoxia (Peters and Van Slyke, 1931). 
We have found, to the contrary, that animals given mixtures of carbon 
monoxide and oxygen do not respond by a rise in blood pressure, which is 
an invariable result of nitrogen administration. The absence of the rise 
is not due to any lack of capacity of the carotid sinus and aortic depressor 
nerve endings to receive stimuli because when the same concentration of 
carbon monoxide is given with pure nitrogen rises in blood pressure are 
obtained. 

Animals recovering from anoxia produced in various ways usually at- 
tain blood pressure levels for a time greatly above the normal. The in- 
creased pressure is not due solely to release from vagal inhibition as has 
been stated (Hill and Flack, 1908) because it occurred as well in vagot- 
omized animals. 


The author wishes to express his appreciation to Dr. A. B. Luckhardt, 
Dr. A. Baird Hastings and Dr. A. J. Carlson for valuable advice, criticism 
and guidance during the execution of this work and to Miss Jean Lees and 
Mr. Lawrence Palitz for technical assistance. 
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The Corner-Allen unit is equivalent to 1.0 mgm. of crystalline proges- 
terone, the Clauberg unit to 0.6 to 0.7 mgm. (the McPhail (1934) unit is 
apparently about the same as the Clauberg unit), and a new unit proposed 
by Courrier (1935) to 1.0 mgm. These amounts of hormone are relatively 
large and probably in excess of the ordinary concentrations in body fluids 
and tissues. We have devised a test which measures accurately at least 
0.38 mgm. of progesterone. It is based upon the extent of ovum growth 
in the rabbit uterus and its correlation with endometrial growth. It has 
been adequately demonstrated (Corner, 1928; Allen and Corner, 1939; 
Pincus and Kirsch, 1935; Pincus, 1936) that blastocyst growth in the rab- 
bit is controlled by the secretion of the corpus luteum. We have investi- 
gated this relationship quantitatively and propose the new method in part 
on the basis of the relationship. 

Mertuops. Rabbit does ovariectomized at 18 to 20 hours after mating 
are injected subcutaneously with progesterone? twice daily on the second, 
third and fourth days after copulation, and sacrificed on the fifth day when 
the uterus is flushed for ova. A section of the uterus is preserved for study 
of the endometrium. The diameter of the ovum exclusive of the albumen 


coating is measured and the mean ovum diameter per individual is used in 


our calculations. A representative cross section of the uterus is projected 
and traced, the mucosa being divided into glandular and stromal portions 
as indicated in figure 1. The areas of the various portions are measured 
with a planimeter. Occasionally a rabbit is encountered with no ova in 
the uterus. This may be due to tubal adhesions which prevent ovum 
descent or failure of fertilization. In such cases we rely upon the mucosa 
measurements alone. In the animals used in these series both egg 
and mucosa measurements were available for cach of the twenty-five 
individuals. 

Resu.ts. The data on ovum size, the ratio of glandular portion to 

| This investigation was aided by a grant from the Josiah Macy, Jr. Foundation 

? We are indebted to Dr. Erwin Schwenk of the Schering Corporation for the pro- 
gesterone used in these experiments 
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Fig 1. Cross section of the uterus of an ovariectomized rabbit) 


0.42 mgm. progesterone, illustrating the method of dividing the uterine 


into glandular (G@) and stromal (S) portions 
Fig. 2. The regression of G/M (glandular area divided by total 


upper curve, ovum diameter, middle curve, and their combines 


curve, on progesterone dosage The two lines parallel to the cate 


line are drawn at a distance equal to the standard deviations of 


measurements 


TABLE 1 


The mean €gq diame fers (xr) mean ratios of glandular 


and the mean values of an index (z) derived from x 


of progesterone 
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total mucosa area, and of an index derived from combining these two mess 
urements are presented in table 1, and plotted in figure 2. The regre- 


sions of egg diameter (x), of G/M (y), and of the index (2) on dosage ( 


were determined from the following equations using the least squares 
method of fitting: 


in Which a, pand k& are slope constants and b, q and / intercept constants 
The index z is derived from the equation 


= — NI 


the equations are: 


648.25 u 228.80 
y 0.6929 u + 0.1675 
106.37 uw + 28.680 
= OO4116 c + 135:00 


he standard deviations we need to know are: 
125.50 
= 0.07760 
= 16:310 


The values of o, and oa, are derived from the variances within doses and 
are calculated on the assumption that o is independent of the magnitude ot 
rory. In these data if anything increases somewhat with increasing 
and y and o, and o, are consequently overestimated. This is the safest 
procedure since it makes false determination of significant differences from 
the 0 dosage very improbable. 


Using the p 0.023 level of significance we add 2¢ to b, q and / to deter- 
mine the values of x,y, 2 which are just detectably different from 6, gq and 


The expression for z has been selected to minimize the ratio The values 


given for mand n are special cases of the more general expression 


nm = 
(lo, o po 


In the present case 


the correlation of egg diameter on uterine ratio within doses, 
is equal to — 0.03, e.g., it is sensibly zero within the limits of error of the data 


au + b l 
y= pu+q (2 
3 
ad 
m = 
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These are 479.8, 0.3227 and 49.30 respectively anc 
mem., 0.225 mgm. and 0.194 mgm. level in each case 
egg diameter of 479.8, a GM of 0.3227, or a z valu 
individual indicates that the chances are 9S in LOO that active progest 
been injected, and the detection of a minimum effective 
precise by the use of the index z, and least precise with the e 
measurement. Tf more than one individual is used then 


cantly different from 0 dosage are determined by adding 


intercept values b, g, and J, where n the number of individuals 
with 4 individuals a mean z value of 38.98 would lie at the significant Jey 


To determine the dosage which would give a significant wy y, 01 


in OS trials out of 100 we add 4 ( J toa, q and Ifa single rabbit is in- 
Vn 


jected the value for egg diameter is 730.8 indicating that we can almost 
invariably detect a dosage of 0.78 mgm. progestin with a single test rabbit 
for GM the value is 0.4779 which requires a dosage of 0.45 mgm; for 2 the 
value is 69.92 which requires a dosage of 0.38 mgm. Similar use of @ per- 
mits the determination of significant deviations from oa known dosage 
level. Thus if 0.5 mgm. progesterone are injected in combination with 
some other substance az value of 82.2 + 20.62 would indicate no significant 
effect of the second substance upon the progesterone activity 

These data tell us that in testing an extract containing an unknown 
quantity of progesterone it is best to inject the whole amount of material 
into a single rabbit. Tf an accurate measure of the effect of known quan- 
tities of material is required then of course the larger the number of ani- 
mals the greater the precision. 

In our experiments we have used mature rabbit does of no particular 
strain, avoiding only very large and very small females. The egg diameter 
is the most variable quantity presumably because of genetic differences 


‘This has been tested for us by Dr. G. Vo Smith and Mrs. O. Wo Smith with pro 
gestin extracts of whole human placentae. The first injection in their animals was 
made 6 hours after ovariectomy followed by six injections as in our experiments 


Precise comparison is not completely justifiable but on the basis of our standard 
curves the placental progesterone is given in the following table 


PLACENTA PRO 


EGG DIAMETEE 
NUMBER GESTERONE 


95 74 
104 6S 


114 00 


117 11 


14 Q SSO 0 61 2 70 62 
15 0 65S 0 71 704 8 () 73 0 7 
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(Castle and Gregory, 1929) between individuals. It might therefore be 
made a more sensitive index if inbred animals were used. This, of course, 
would increase the general accuracy of the method. 

We are much indebted to Dr. C. P. Winsor for the details of the statis- 
tical analysis of the data, and to Dr. and Mrs. Smith of the Fearing Re- 


search Laboratory for the data on page 103. 


SUMMARY 


Quantitative measurements of progesterone effects in rabbits are had by 
measuring ovum size and the degree of glandular proliferation of the 
mucosa, and combining the two sets of measurements gives a rather pre- 
cise index of hormone activity. A mean ovum diameter of 479.8 micra or 
greater in a single test animal indicates the presence of active progestin; a 
value of 0.3227 or greater for the ratio of glandular area (G) to total mucosa 
area (VM) and a value of 49.30 or greater for the combined index (z) are 


similarly significant. In a single test animal a dosage of 0.78 mgm. of 


progesterone can almost always be detected by ovum diameter measure- 
ment; similarly the GM ratio permits the detection of 0.45 mgm. and the 
combined index a dosage of 0.38 mgm. progesterone. 
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In the course of experiments on vagal pulmonary proprioceptive re- 
flexes, we were confronted by a most unusual phenomenon (Brookhart, 


Steffensen and Gesell, 1936). Inflation of the lungs, instead of producing 


the customary slowing or stoppage of respiratory rhythm (fig. LA) pro- 
duced a rapid type of breathing such as is illustrated in figure 1B. The 
occurrence of this peculiar phenomenon Was unquestionably related to the 
state of anesthesia for it appeared more readily during lighter anesthesias 
and was definitely abolished by increased depth of anesthesia. One ani- 
mal exhibiting an unsteady state of breathing in which periods of irregular 
and rapid breathing alternated with periods of regular and slow breathing, 
reacted in diametrically opposite ways to inflation of the lungs, depending 
on the moment of inflation. Complete inhibition occurred with inflation 
during the periods of slow breathing and further acceleration Oecurred 
during periods of rapid breathing. Another animal responded to graded 
positive intrapulmonary pressures with graded acceleration. This effect 
was entirely abolished by deep anesthesia, after which graded positive 
pressures produced the customary graded slowing 

These observations indicated the possible existence of a special set of 
proprioceptive fibers capable of producing accelerated breathing when con- 
tinuously stimulated, as are the proprioceptive fibers described by Hering 
and Breuer (1868), Gad (1880), and Head (1889) when rhythmically ex- 
cited, but our failure to demonstrate such fibers by differential interruption 
of vagal conduction (Steffensen, Brookhart and Gesell, 1937) pointed to an 
explanation of paradoxical acceleration along the more conventional lines 
of reflex control as originally proposed by Hering and Breuer, Gad and 
Head. 

kexperimental analysis of breathing during hyperpnea of anoxemisa and 
hypercapnia (Gesell and Moyer, 1937) indicates that rateand depth of breath- 
ing are determined by an intricate interaction of the rate and depth pro- 
moting influences. We accordingly tried to determine whether paradoxical 

Preliminary report, This Journal Proe. 116: 17, 1936 
2 This study was supported in part by a grant from the Rockefeller Foundatio: 
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acceleration could be duplicated by varying combinations of rate and ampli- 


tude stimulation. The desirability of employing a so-called pain stimula- 
tion as Well as a chemical stimulation for the modification of the amplitude 
component Was strongly suggested by the need of light anesthesia for the 
elicitation of paradoxical acceleration and by the well known fact that 
stretching is an effective promoter of pain.’ The amplitude component was 
accordingly provided by faradic stimulation of a cutaneous sensory nerve, 
intravenous and intracarotid injection of cyanide or sulphide and by hyper- 
caphia and anoxemia. The rate component Was modified 1, by inflation of 
the lungs;2, by continuous faradic stimulation of the central end of the va- 
gus nerve, and 3, by intermittent faradic stimulation of the central end ot 
the vagus nerve applied automatically during each inspiration. The ex- 
perimental findings are described under the three procedures employed to 
modify the vagal respiratory reflex. 


+84 MM.H.0 PP. 


Fig. 1. Paradoxical acceleration of breathing produced by pulmonary inflation 


All observations were made on dogs under morphine-urethane anesthesia 


1. Lung inflation. The lungs were inflated and kept under constant 
positive pressure by connecting with a mercury buoyed spirometer which 
allows and records pulmonary ventilation. The spirometer was sufficiently 
weighted to produce either a distinct slowing or even a temporary cessation 
of breathing. After establishing the effects of stretching of the lungs the 
effects of saphenous stimulation and of ¢eyanide and sulphide injection were 
determined and finally compared with the results obtained by a combina- 
tion of procedures. 

In three out of nine experiments the rate of breathing during combined 
lung inflation and stimulation of the saphenous nerve was greater than 
that produced by saphenous stimulation alone as illustrated in the follow- 
ing example. 


The depth of anesthesia was always sufficient to protect the animal against pain 
but we believe that the reflex changes in breathing involved the lower pain reflex 
paths 
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RATE AND DEPTH OF BREATHING 


The normal respiratory rate was 

The rate during lung inflation was 

The rate during saphenous stimulation was 

The rate of combined stimulation of the saphenous a1 


inflation was 


Virtual cessation of breathing during inflation of the lungs 
indicated an effective action of the vagus nerves; doubling of 
tory rhythm during faradic stimulation of the saphenous nerve shows | 
connections of the cutaneo-sensory fibers with the central respirators 


mechanism; and the combination of diametrically Opposite 


INHIBITION GREATER ACCELERATION 
INFLATION PLUS 
SAPH. STIM. 
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Fig. 2. Individual and combined effects of pulmonary inflation and faradsy 


lation of the central end ot the saphenous nerve on bore athing Both v ivi were 


into a further acceleration equivalent to doubling of the hyperpnes pro- 
duced by stimulation of the saphenous alone, indicates an intimate ites 
action of the components involved, 

In the remaining six experiments the rate of breathing during the con 
bined procedure was only equal to or slower than that produced by sapher 
ous stimulation alone, but an equal rate obtained by the combined proced 
ure Is undoubtedly the expression of the same phenomenon as that 
exhibited in paradoxical acceleration 

It is essential to note that conversion of thre inhibitors action of the 
vagi into acceleration by the addition of an accessory afferent component 
cannot be explained by the accelerating action per se of stimulation of the 


saphenous herve, tor hot infrequently such stimulation may cause no ae 
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celeration whatever. Increased depth of breathing may be the only re- 
sponse, yet when such effects were combined with those of pulmonary in- 
flation they were equally effective in provoking gross acceleration. This 


is evidenced in the following observation. 


Normal respiratory rate 24 0 resp./min 

Respiratory rate due to saphenous stimulation alone 24 0 resp./min 
(There was a marked increase in amplitude) 

Kespiratory rate produced by lung inflation alone 3.5 resp./min 


tespiratory rate produced by the combined procedures 75 0 resp./min 


It may, therefore, be concluded from these introductory experiments 
that the element of pain probably contributed toward the hyperpnes 
noted in simple stretching of the lungs and that the amplitude component 
exerts its Important effects on the rate of breathing through the vagal 


CONT. STIM. X 
6.7 40.0 


NA CN 


Fig. 3. Individual and combined effects of intravenous injection of sodium cevanide 
and continuous faradie stimulation of the central end of the vagus nerve on breathing 


after double vagotomy. 


reflex paths. The interaction of the rate and amplitude components is 
similar to that demonstrated by the disproportionate increase in ampli- 
tude of breathing produced by stimulation of the saphenous nerve during 
vagal block as compared with the disproportionate acceleration when the 
vagi are intact (Gesell and Moyer, 1936). 

The other means of modifying the amplitude component, such as in- 
travenous and intra-carotid injection of eyanide and sulphide, produced 


similar unpredictable results as did stimulation of the saphenous nerve, 


all of which indicates that the conditions giving rise to paradoxical summa- 
tion are intricately balanced and subject to many unsuccessful experimen- 
tal combinations. 

2. Continuous faradic stimulation of the central end of the vagus nerve afte) 
double vagotomy. When the lungs are inflated and the animal is adequately 
anesthetized, as was the case in the experiments just described, it is 
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reasonably probable that the effects on breathing are exerted throug! 
selective excitation of the pulmonary proprioceptive fibers of the vag 
When the vagi are faradically stimulated, as in the present series, it is a- 
reasonably certain that every variety of fiber in the vagal trunk is acti- 
vated. For that reason the effects of vagal stimulation on breathin 
variable. Nevertheless, as is well known, a strength of stimulation 

selected which will invariably yield slowing or cessation of breathing 
When stimulation of the saphenous nerve or of the respiratory chemocep- 
tors was added to such inhibition super acceleration occurred such as 
typified below. 


A. Faradic stimulation of the saphenous nerve 
Normal respiratory rate 
fespiratory rate during continuous stimulation 
vagus nerve 
Respiratory rate during continuous stimulation 
saphenous nerve 
fespiratory rate during combined procedures 
A slowing of 5.8 + an acceleration of 17.6 produces a para 
doxical acceleration of 
B. Administration of cyanide 
Normal respiratory rate 
Respiratory rate during continuous stimulation 
vagus nerve 
fespiratory rate due to evanide administration 
Respiratory rate due to combined procedures 35 3 resp 
Administration of sulphide 
Normal respiratory rate 3 resp 
Respiratory rate during continuous stimulation of the 
vagus nerve =p 
Respiratory rate due to sulphide injection 2 resp 


Respiratory rate due to combined procedures 26 0 resp 


It is interesting to note in figure 3 that apneustic breathing produced by 
CN injection is prevented by the continuous stimulation of the vagus 
nerve, that is, two slowing effects combine to produce a marked accelera- 
tion. 

3. Intermittent faradic stimulation automatically applied during the period 
of inspiration to the central end of one vagus nerve after double vagotomy. Ut is 
an old and common observation, coming as it did from the use of artificial 
ventilation, that breathing tends to conform to a changing rhythm of the 
pump. Respiratory rhythm also adapts itself to the rhythm of electrical 
stimulation of the vagus nerve as was demonstrated by Almeida and Silva 
(1926a, b). Gesell and Moyer (1935a) using blocks of faradic stimuh 


obtained varying results depending upon the strength of stimulation 


Weak stimulation evoked rhythmic breathing; whereas strong stimulation 
produced complete inhibition. Faradic stimulation of the saphenous nerve 
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or injection of cyanide introduced during the course of such inhibition 
elicited intensive respiratory movements in phase with the rhythmic vagal 


excitations. Stimulation of the vagi automatically applied during each 
l 


inspiration (Hillenbrand and Boyd, 1936) established an increased rate of 
breathing above normal such as described by Adrian (1933) for automatic 
delivery of blasts of air during the inspiratory act. 

Our present experiments combine the effects of automatic vagal stimula- 
tion with augmentation of the amplitude component. A sensitive tam- 
bour connected to the rebreathing tank opened and closed the vagal elec- 
trical circuit whose contacts were adjusted to give stimulation throughout 
inspiration. In searching for the strength of vagal stimulation most suit- 
able for our experiments we have confirmed the findings of Hillenbrand and 
Boyd (1936). When the strength of stimulation was moderate, automatic 
intermittent vagal stimulation produced a moderate acceleration. With 
stronger stimulation, however, inhibition carried over and produced a 
slower and more shallow type of breathing. This type of stimulation 
which slowed the rate of breathing proved the most effective for gross 
aeceleration of breathing in the combined procedure in which an amplitude 
component is added. The results of three typical observations are shown 
below. 


a. Vagal stimulation combined with saphenous stimulation 
Normal rate 17 6 resp./min 
tate during automatic intermittent vagal stimulation 12 0 resp./min 
Rate due to saphenous stimulation 30.0 resp./min 
tate due to combined procedures 120 0 resp./min 
b. Vagal stimulation combined with evanide injections 
Normal rate 0 resp./min 
tate during automatic intermittent vagal stimulation 9 5 resp./min 
Rate due to cyanide injection 2 resp./min 
tate due to combined procedures 0 5 resp./min 
¢. Vagal stimulation combined with sulfide injections 
Normal rate 15 0 resp./min 
tate during automatic intermittent vagal stimulation. 10 9 resp./min 
tate due to sulfide injection 19 3 resp./min 
Rate due to combined procedures 50 0 resp./min 


Hypercapnia or anoxemia when combined with intermittent stimulation 
of the vagus nerve produced the same acceleration as did injection of 
eyanide or sulphide. 

Discussion. Obviously the interaction of the rate and depth promot- 
ing influences is a most important factor in the explanation of our results, 
as previously indicated by the systematic denervation of the peripheral 
respiratory chemoceptors in the carotid and aortic regions and the pro- 
prioceptive endings in the lung (Gesell and Moyer, 1937). They es- 
tablished types of response to anoxemia and hypercapnia in single animals 
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similar to variations seen among intact animals and concluded that norma! 
variations in breathing are expressions of the individuality of imbalance ot 
the rate and depth promoting factors. They proposed that the vagal 
reflexes provide the basic mechanism for rate control, and by the abbrevia- 
tion of the phases of respiration tend to assure a relatively rapid and shal- 
low type of breathing as compared with that of vagotomy. Chemoceptive 
reflexes and central chemical stimulation augment the central respiratory 
discharge, and in the absence of vagal reflexes tend to produce a deep and 
slow type of breathing. When both depth and rate promoting influences 
are strong, a balance is struck assuring a deep and rapid type of breathing, 
for increased depth of breathing automatically stretches the inspiratory 
inhibitory endings thus preventing long extended inspirations. When 
chemoceptor stimulation is relatively weak and the central vagal accelera- 


tory mechanism is relatively strong, conditions are favorable for an earls 
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Fig. 4. Individual effects of intravenous injection of sodium cyanide, of con 
tinuous faradie stimulation of the central end of the vagus nerve, of intermittent 
faradic stimulation of the vagus nerves restricted to the period of inspiration and of 
combined effects of intermittent vagal stimulation and = intravenous injeetion of 
sodium cyanide. Both vagi were cut 


checking of inspiration and for a rapid shallow type of breathing. When 
chemoceptor stimulation is relatively strong and the central vagal ac- 
celeratory mechanism is relatively weak conditions are favorable for a late 
checking of inspiration and for a deep and slow type of breathing 

Figure 5 showing effects of blocks of faradic stimuli manually applied to 
the central end of the vagus nerve during the phase of inspiration indicates 
that the effects of artificial stimulation approximate in several ways the 
effects of natural stimulation of the vagal endings by lung volume changes 
during the act of breathing in the intact animal. The shortening of in- 
spiration (not very great in this animal) conforms with the classical con- 
ceptions of checking of the inspiratory act by automatic stimulation of the 
inspiratory inhibitory fibers during filling of the lungs (Hering and Breuer, 
1868; Gad, 1880; and Head, 1889 The shortening of the expiratory 
phase conforms with the views of Head and Adrian that the inspiratory 
inhibitory stimuli arriving from the lungs curtail the expenditure of in- 
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spiratory energy and conserve and maintain a relatively high charge of 
energy in the central mechanism and thereby permit an early refiring of 
the center. The acceleration of the inspiratory act conforms with th. 
observation of Gad (1880) and of Nicholson and Brezin (1937) that vagot 
omy, Which removes the ascending impulses during inspiration, retards 
the progress of that event. Recently Moyer (unpublished experiments 
has shown that increased stimulation of vagal endings by pulmonary in 
flation provokes further acceleration of the inspiratory act. This aug- 
mented velocity is not due to the mechanical advantage of pressure, for 
when the vagi are blocked the changes in chest volume occur in a relatively 
leisurely manner (see figs. 7and 8). It may, however, be due to decreased 
bronchial resistance. 

It is quite apparent that vagal stimulation limited primarily to the in- 
spiratory act as it Was in respirations 3 to 17, markedly accelerates breath- 


-DURATION OF VAGAL STIMULATION 


Fig. 5. A record of the respiratory act of the dog showing the effects of faradic 
stimulation of the central end of one vagus nerve after double vagotomy. The 
duration of stimulations and their time relations to breathing are indicated For 
further description see text. 


ing, but when stimulation is prolonged as it was in respiration 21 the effects 
on rate of breathing are reversed. Acceleration and shortening of the 
current inspiration still occurred, but the oncoming inspiration was delayed 
by prolongation of the current expiratory pause. Thus both accelerated 
rhythm and slowed rhythm can curiously enough be attributed to inhibi- 
tion of inspiration; acceleration, to an inhibiton of the current inspiration, 
and slowing, to inhibition of the oncoming inspiration. A strong back- 
ground of continuous discharge of the vagal endings capable of postponing 


inspiration seems to be a common cause of slow breathing under ordinary 


experimental conditions. This conclusion is reached from our observations 


on blocking of the vagi, which not infrequently produces an accelerated 
rate of breathing. Nevertheless, as our results seem to indicate, when the 
amplitude component is strong a strong continuous vagal inhibition is 
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conducive to rapid breathing as well. This stands in rather interesting 
contrast to the views of Adrian (1933) who favors a zero vagal background 
ora minimum continuous background as a prerequisite for rapid breathing 
It is the explanation of this particular point which concerns us now 

Such explanation, involving as it does an understanding of the under- 
lying reflexes and of the electrochemical basis of inherent rhythm (Gesell, 
1929), can at best be incomplete. For simplicity we may test the theoreti- 
cal conception of control by the inspiratory inhibitory fibers alone 

The deep slow inspiration following vagotomy (respirations | and. 2, 
fig. 5) if we ignore the inhibiting effects from other afferent impulses, can 
be considered as a maximum discharge of the respiratory mechanism for 
the particular conditions of amplitude stimulation which obtain. “This 
discharge, which consumes inspiratory energy, is followed by a period of 
recovery during which the prevailing stimulus, whatever it may be (lack 
of oxygen, excess of carbon dioxide, or impulses capable of exciting pain, 
ete.), builds up the succeeding discharge or the “central excitatory state” 
If for purposes of speculation we assume that the dissipation of the C. B.S 
varies in direct proportion to the depth of inspirationt and that the time of 
rebuilding C.E.S. up to the point of the refiring threshold varies inversely 
as the magnitude of the rebuilding stimulus, a relatively simple diagram 
will illustrate the rate and depth relationships in the respiratory act under 
varying conditions (see fig. 6). 

During vagal block under ordinary basal conditions when the C.E.S 
building stimulus (the amplitude component) is weak the inspiratory act 
progresses at its slowest rate along gradient 1 (fig. 6A) and ultimately 
reaches its depth, 50 units short of the firing threshold of C.E.S. | During 
the expiration, the C.B.S. is assumed to build up along the expiratory 
gradient 5. The result is a very slow breathing expressed in arbitrary 
units of the rate of 5. When the vagus nerves are returned to function, 


all other conditions remaining constant, inspiration is checked at the half 


way point and expiration proceeds as before with the C.E.S. approaching 
the refiring threshold along expiratory gradient 5. The result is a dou- 
bling of the rate of respiration to a rate of 10.) But when the vagal reflex is 
reéstablished there is not only a checking of the inspiratory discharge at 
the half-way point but that point is reached, through an accelerating action 
of the vagi, in a shorter length of time along the inspiratory gradient 2 
This factor speeds the respiration up to a rate of 12.) When breathing ts 
chemically stimulated, the inspiratory discharge is invariably augmented, 
though the expiratory act may frequently fail to show the same augmen- 
tation (Gesell and White, 1937). We may, therefore, increase the in- 

‘Another possibility is that C.I.S. accumulates from mechanical excitation of 


proprioceptive endings during increasing depth of Inspiration and is used to neu 
tralize C.ELS 
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Fig. 6. A schematic and hypothetical representation of factors controlling the act 
of breathing. Downstroke indicates inspiration and upstroke expiration, plotted 
on the ordinates against arbitrary units of time on the abscissa. The downstroke 
may also be taken as an index to the dissipation of C.E.S. and the upstroke as an index 
to its reformation tefiring of the center is assumed to occur at 100 arbitrary units 
of C.E.S. The velocities of the inspiratory act and the corresponding rates of 
dissipation of C.E.S. are represented by respiratory gradients 1, 2, 3, and 4. The 
rates of rebuilding of C.E.S. to the refiring threshold during the expiratory pause are 
represented by respiratory gradients 5, 6 and 7. : 

Gradient | represents the slowly progressing inspiratory act during double vagal! 
block. Gradient 2 represents the accelerated progress of inspiration attributabl 
to the normal reinforcing action of the vagi. Gradient 3 represents the velocity of 
inspiration produced by the addition of an augmentation of the amplitude component 
of breathing (cutaneous sensory nerve or chemoceptor stimulation). Gradient 4 
(see diagram B) represents the accelerated velocity of inspiration produced by 
stretching of the lungs. Gradient 4A represents the velocity of inspiration produced 
by augmentation from chemical stimulation combined with gradient 4. Gradient 5 
indicates the rate of reformation of C.E.S. during the period of expiration under basal 
metabolic conditions. Gradient 7 indicates an accelerated rate of reformation of 
C.E.S. due to chemical stimulation. Gradient 6 is a resultant gradient of reforma- 
tion of C.E.S. produced by a neutralization of C.E.S, (source 7) by C.LS. resulting 
from inflation of the lungs. These gradients are used to suggest the possible course 
of events during breathing under varying circumstances. Diagram A represents the 
factors at work producing accelerated rate of breathing from normal vagal action and 
simple chemical stimulation. Diagram B represents the factors at work modifying 
breathing during a stretched condition of the lungs. Diagram C represents the 
factors contributing towards accelerated breathing during a combination of chemical! 
stimulation and stretching of the lungs. The C.E.S. building gradient 5 is repre- 
sented as a resultant of a relatively large C.E.S. component arising from chemical 
drive and a smaller counteracting C.I.S. component arising from the residual dis 
charge of the pulmonary vagal proprio-receptors during the expiratory pause 
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spiratory gradient say to number 3. Chemical stimulation also 

more rapid reformation of C.E.S. along expiratory gradient 7 

that the inspiratory discharge is still checked at the half way point the <ul 

sequent firing threshold of C.FUS. is reached in a correspondingly shorter 
time and breathing is increased to a rate of 25.) This may suffice to illus- 
trate ordinary acceleration from stimulation of a cutaneous sensory neryv 
or of respiratory chemoceptors. 


The retardation of breathing from sudden stretching of the lungs (fig 


6B) is explained along similar lines. In accordance with the concept of 


Sherrington and his colleagues (Creed, Denny-Brown, Eccles, Liddell and 
Sherrington, 1932) that a central inhibitory state is produced by a neu- 
tralization of the central excitatory state we may postulate the formation 
of C.LS. from stimulation of the pulmonary vagal proprioceptive fiber- 
This formation of C.L.S. consumes and reduces the building 
gradient, which means, as indicated by the diagram, a longer expiratory 
pause and a corresponding retardation of the rate of breathing. But once 
the firing threshold has been reached, inspiration will occur at a heightened 
velocity (gradient 4) due to the stretched condition of the lungs. The 
protracted pauses in turn produce inadequate ventilation, insufficiency of 
oxygen, excess of carbon dioxide, and a consequent increasing rate of re- 
building of C.E.S. Thus is neutralized at a progressively increasing 
rate, the C.E.LS. building gradients steepen and rate of breathing progres- 
sively increases. 

In the combined procedure where the lungs are stretched and the cu- 
taneo sensory nerves or chemoceptors are simultaneously stimulated (se¢ 
fig. 6C) the C.I.S. which is formed by stretching of the lungs is simultane- 
ously neutralized by the excessive formation of C.be.S. produced by aug- 
mentation of the amplitude component. If the neutralization of CLL. is 
just equal to the rate of its formation, the combined procedure should ac- 
celerate breathing in direct proportion to the abbreviation of inspiration 
resulting from the augmentation of its velocity. On the other hand if the 
rate of formation of C.I.S. is more than compensated by the inereased 
formation of C.E.S. conditions are conducive to greater acceleration 
Arbitrarily accepting a C.E.S. building gradient 6 which is the resultant of 
the C.ELS. building gradient 7 and the conflicting C.L.S. formation from 
pulmonary stretch, and using inspiration velocity gradient 4A, a resultant 
of gradient 4 plus chemical stimulation, the rate from combined procedure 
becomes 30, an acceleration of 20 per cent over the rate of 25 produced by 
cutaneous nerve or chemoceptor stimulation alone. Differences ino the 
building gradient 6 and the inspiratory velocity. gradient 4.\ 
might well be responsible for the great variations in paradoxical accelera- 
tion which actually occur. 

Another factor which appears to be quite important in the control of 
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breathing and which seems to vary in different individuals, is an apparent 
struggle between the acceleration of velocity and the checking of inspira- 
tion produced by stretching of the lungs. When the inhibiting component 
gains advantage over the acceleratory Component, as seems to be the case 
in figure 1, breathing becomes shallow and correspondingly rapid. Under 
such conditions the rate of breathing, as indicated in the schema (fig. 6C 
increases from 12 to 60. Conversely when the velocity Component gains 


r 


Figs. 7and&. Examples of the vagal reflex acceleration of inspiration A. Normal 
breathing. B. Pulmonary inflation, vagus nerves intact. C. Pulmonary inflation 
vagus nerves blocked. D. Pulmonary inflation, vagus nerves deblocked. This 
record was given to us for publication by Mr. Mover 


control, respiration may be deeper and correspondingly slower. Some- 
times the competition seems to acquire trigger edge characteristics as in- 
dicated in figure 2 in which deep and shallow breaths alternate with each 
other; see also figure 7 in which the first inspiration following stretching of 
the lungs is deep whereas the succeeding breaths are quickly interrupted 

It is most interesting and rather puzzling that two effects so diametri- 
cally opposite as acceleration of and checking of the inspiratory act should 


run their courses together. The advantages of such an arrangement, 
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however, are more evident if one keeps in mind the extremely slow breath- 
ing following vagotomy. Without a speeding up of the act of inspiration 
there can be little acceleration of rate of breathing if a corresponding in- 
crease in depth of breathing is also to occur. And without an early check- 
ing of inspiration there can be no rapid alternation of phases of breathing. 
The co-action of these opposite effects obviously provides a mechanism for 
grossly augmented ventilation permitted only by a cOmbination of deep 
and rapid breathing. 

The importance of the expiratory inhibitory fibers is a more difficult 
question. <A possible explanation of breathing without their aid by no 
means excludes their participation. On the other hand the relatively 
high incidence of purely passive expiration under our experimental condi- 
tions (Gesell, 1936) and the demonstration that hyperpnea produced by 
cyanide is in many animals due largely or entirely to augmentation of 
inspiratory muscles minimizes (Gesell and White, 1937) their significance. 
Furthermore, many of the contractions of expiratory muscles are not 
progressively inhibited when the lungs collapse as demanded by the 
Hering-Breuer concept; in fact they are inhibited during the process of in- 
flation and may not contract again until the lungs have deflated to their 
expiratory volume. These contractions which give the outward appear- 
ance of active expiration may, therefore, be nothing more than rhythmic- 


ally inhibited viscero postural tonic contractions of the abdominal muscles. 
If true, the proportion of animals employing only inspiratory muscles for 
purposes of ordinary respiration is considerable. 


Miscellaneous applications. 1. The findings of our experiments offer possibilities 
of new interpretations of several respiratory phenomena. For example we have 
frequently noticed that double vagal block produces no change in rate or depth of 
breathing. Are we justified in concluding that in these instances the vagi were not 
functioning or were incapable of functioning before the block? The fact that faradic 
stimulation of the saphenous nerve produces excessive acceleration after deblocking 
clearly indicates the potential function of the arc. Conversely, stimulation of the 
saphenous nerve under ordinary experimental conditions may produce no change in 
the rate of breathing. But this is no measure of the potential function of either 
saphenous or vagus nerves, for similar stimulation of the saphenous nerve produces 
excessive acceleration if the lungs are stretched. Respiration is a resultant of 
components. The function or potential function of these components cannot be 
adequately measured by themselves but only in conjunction with each other 

2. Graded faradic stimulation of the central end of one vagus nerve, the other 
being intact, produces a series of graded effects, beginning with complete inhibition 
with weak stimulation and passing into progressive acceleration and back again to 
inhibition with stronger stimulation. Since such excitation activates several groups 
of fibers (pain, chemoceptive and proprioceptive) changing combinations of the 
intensities of rate and amplitude components are undoubtedly set up, thereby 
establishing conditions favorable for a changing respiratory resultant. 

3. Faradic stimulation of the saphenous nerve during a prolonged apnea produced 
by intravenous injection of sodium carbonate provokes a much greater acceleration 
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of breathing than equal stimulation under ordinary conditions (Gesell and Moyer, 
1936) a finding opposed to the old view that such apnea is due to decreased excitabilit 
of the respiratory center. In the light of our present experiments we may assum« 
that the inspiratory inhibitory reflex has been intensified, as it is by stretching of th: 
lungs, and when stimulation of the saphenous nerve is added, conditions favorabl 
for paradoxical acceleration obtain. 

4. The possibility that distortion of the lungs may lead to adequate stretching of 
pain endings and thereby produce acceleration offers a new explanation of the two 
diametrically opposite effects of which intravenous injection of sodium carbonate is 
capable (Gesell and Moyer, 1936). It will be recalled that when the lungs are stretched 
carbonate produces further inhibition and when the lungs are deflated it produces 
further acceleration. The observation that carbonate augments prevailing reflexes 
indicates that the further inhibition is due to a strengthening of the inhibitory reflex 
which is then predominant and that the acceleration is due to the intensification of an 
acceteratory reflex which is at that time predominant. Such an hypothesis pre- 
supposes a special set of acceleratory fibers similar to those proposed by Hammouda 
and Wilson (1935). Since in a preceding study with the aid of graded vagal block 
(Steffensen, Brookhart and Gesell, 1937) we were unable to demonstrate such a 
group of fibers and since acceleration was produced by carbonate only during very 
very light anesthesia, another possibility is indicated: that the reflexes which were 
intensified during lung deflation included an amplitude component dependent on 
impulses akin to those of pain. 


SUMMARY AND CONCLUSION 


The accidental observation of a markedly increased rate of breathing 
produced by simple inflation of the lungs is described. 

This so-called paradoxical acceleration occurred only on rare occasions 
and under light anesthesias and, therefore, seemed related to an accessory 
action akin to that of pain. 

It was experimentally reproduced by controlling conditions known to 
modify depth and rate of breathing. For purposes of duplication, the am- 
plitude component was modified by stimulation of a cutaneous sensory 
nerve, by intravenous and intracarotid injection of sodium cyanide or sul- 
phide, and by anoxemia and hypercapnia. The vagal rate controlling re- 
flex was modified by inflation of the lungs, continuous faradic stimulation 
of the central end of the vagus and automatic faradic stimulation limited 
to the period of inspiration. 

Inflation of the lungs which ordinarily slows or stops breathing when 
combined with cutaneous sensory or chemical stimulation produced ac- 
celeration greater than that from cutaneous sensory or chemical stimula- 
tion alone. 

Slowing effects of continuous faradic stimulation of the central ends of 
the cut vagus nerves, combined with the slowing as well as accelerating 
effects produced by chemical stimulation, yielded a high rate of breathing. 
Similar results were obtained by combining vagal inhibition with cutaneous 
sensory nerve stimulation. 

Automatic stimulation of the central ends of the vagus nerves with a 
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weak current during the phase of inspiration produced moderate accelera- 
tion of breathing, as described by Hillenbrand and Boyd. 

Automatic stimulation with stronger currents produced a slowing of 
breathing. When such effects were combined with augmentation of the 
amplitude component, much greater acceleration was produced. 

The results obtained are tentatively interpreted as the interaction of 
several factors. 

For purposes of argument, admittedly incomplete, the respiratory center 
is considered primarily as an inspiratory mechanism operated by a pe- 
ripheral and central chemical drive and a proprioceptive control, vagal and 
general, of which the impulses arising in the inspiratory inhibitory fibers of 
the vagi are the most important. 

It is assumed that the central respiratory discharge consumes energy 
and central excitatory state in proportion to the depth of inspiration; that 
the moment of onset of the following discharge is determined by the degree 
of depletion of C.E.S. and its subsequent rate of formation. 

Increased chemical drive increases the magnitude of the central re- 
spiratory discharge and thereby contributes toward the depth, velocity and 
duration of inspiration. It accelerates the rebuilding of C.E.S. and 
thereby shortens the expiratory pause. 

The pulmonary vagi exercise two diametrically opposite functions: 
curtailment of the central respiratory discharge which reduces the depth of 
breathing, and acceleration of the inspiratory act, which allows increased 
depth of breathing. 

Interactions between the intensity of the original central discharge, the 
normal curtailing and accelerating action of the vagi determine the 
velocity, depth and duration of inspiration and the amount of C.E.S. con- 
sumed and thereby the duration of the succeeding expiratory pause. The 
end resultant obtaining under any given set of conditions is dependent on 
the peculiarities of the animal, or more exactly, on the state of imbalance 
of the several respiratory factors involved. 

Inflation of the lungs alters conditions 1, by prolongation of expiration 
through inhibition of the oncoming inspiration; 2, by intensification of the 
vagal reflex which curtails the current inspiration, and 3, by strengthening 
of the vagal reflex which increases the velocity of the current inspiration. 
The first effect works towards retardation of rate. The second works to- 
ward acceleration. The third effect works towards acceleration, the de- 
gree of which depends upon the depth of breathing. 

If the chemical drive is simultaneously augmented along with inflation 
of the lungs, the retarding effects of inflation may be neutralized by the 
further acceleration of the inspiratory act from increased chemical drive 
and by the acceleration of the rebuilding of C.E.S. up to the refiring thresh- 
old. Such conditions permit our so-called paradoxical acceleration. 
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It is concluded that the acceleration of the velocity of inspiration by the 
vagal reflex path is a most important phenomenon for the attainment of « 
high degree of ventilation, for it permits increased rate and depth of 
breathing to develop hand in hand. 
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The observation that repeated injections into animals of extracts of the 
anterior pituitary gland of different species result, after a period of from 3 
to 5 weeks, in the development of refractoriness to the physiological actions 
of these extracts has aroused widespread interest in this phenomenon and 
speculation concerning its significance. In attempts to arrive at an ex- 
planation of this refractoriness to anterior pituitary extracts, attention has 
also been directed to the hormones of the other ductless glands. No 
similar observation, however, has been recorded for these, with the pos- 
sible exception of parathyroid extract. Repeated injections of the latter 
produce, both in man and animals, a high degree of tolerance (1), (2), (3) 
This tolerance apparently differs from the refractoriness to anterior pitu- 
itary extracts in that the serum of animals that had become refractory to 
parathyroid extract was not protective even in 100 cc. doses (3). To ex- 
plain the acquired resistance to injections of anterior pituitary extracts, 
Collip advanced the “‘antihormone”’ hypothesis (4). But the fact that all 
the anterior pituitary extracts thus far studied contain either protein or 
protein-like material early suggested the possibility that the phenomenon 
might be an immune response. Considerable experimental evidence has 
been adduced for the latter hypothesis (5), (6), (7). 

It seemed pertinent to the problem, therefore, to determine whether 
repeated injections of iodothyroglobulin, a strongly antigenic substance, 
would result in the development of refractoriness to its stimulating action 
on metabolism; and if this did occur, to determine the effect of the sub- 
stitution of crystalline thyroxine, a non-antigenic substance, for the iodo- 
thyroglobulin. Schulhof (8) had shown that the injection into rats of a 
mixture of equal parts of dog iodothyroglobulin solution and anti-thyro- 
globulin rabbit serum of high precipitin titer did not counteract the 
physiological action of iodothyroglobulin on the metabolic rate within the 
observation period of 9 days. This experiment demonstrated that the 
simultaneous administration of iodothyroglobulin and its antiserum had no 
effect upon the physiological action of the former, which is in striking con- 
trast to the inhibiting effect of the serum of an animal that has become 
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TABLE 1 
Rabbit 2, Dutch male, age 28 months 
ROOM 


I1ODOTH Y ROGLOBULIN WEIGHT TOTAL TOTAL 
INJECTIONS* -9ERA- ANIMAL) CQO Or 


TOTAL 
CALO- 
RIES 


1935 grams grams 
March 27 23.8 | 2500 | « 
3.4 | 2519 | : 
April 2. 2641 | - 
24.6 | 2672 | - 
| 2653 
| 2646 
2638 
2586 
2518 | ; 
| 2510 
| 2555 | 
2571 | 
2527 | 
| 2506 | : 
2446 | 
9 | 2471 | « 
4 | 2530 
| 2430 | ; 
1 | 2508 | - 
2550 | 
-c. batch 4 | 2538 
| 2491 
| 2516 | 
2455 | - 
10 ce. | 25.3 | 2535 
10 ce. | | 2373 | 
4 ce. | 25.4 | 2235 91 
June F 10 ce. 3 | 2398 | 4.27 
10 ce. i 2388 | 5.51 
i5 ec. batch 5a | 23.0 | 2315 | 5.53 
20 ec. 5 | 2275 | 4.40 | 
Thyroxine 0.6 mgm. | 2: | 2276 | 5.06 | 
| 2256 | 4.52 
| 25.9 | 2372 40 


w 


COwwnwnw ww 


13 
11 
42.3 
| 11 


3 ce. batch 3a 
5 ee. batch 1 
5 ce. batch 3a 


12 
12 
| 11. 
11 
| 10.52 
10.¢ 
| 12 
| 12.3 
14 
| 13 
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14 
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15.3 
13: 
| 16 
16 
| 14.47 
15.01 
82 13.54 
83 13 05) 


WwW WwW WwW 


9 
9 
9 
9 
2 


bo 


to we 


> 


w 


* Batch 1 contained 53.0 mgm. N and 3.55 mgm. I, per 100 ec. = 0.33% protein. 
Batch 3a contained 46.4mgm. N and 1.54 mgm. I, per 100 cc. = 0.30% protein. 
Batch4 contained 133.7 mgm. N and 4.40 mgm. I: per 100 ec. = 0.86% protein. 
Batch 5a contained 29.4mgm. N and 0.70 mgm. I: per 100 ec. = 0.19% protein. 
Batch 5b contained 155.0 mgm. N and 4.32 mgm. I; per 100 ce. = 1.00% protein. 


refractory to anterior pituitary extracts. It did not, however, answer the 
question whether prolonged injections of iodothyroglobulin, for one month 
and more, would result in the development of tolerance or refractoriness to 
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its physiological action, and whether such refractoriness could be attributed 
to the active immunization against iodothyroglobulin. 

Metuop. lIodothyroglobulin solutions were prepared from fresh bee! 
thyroid glands by the method of Oswald (9). The glands as obtained from 
the abattoir contained both hyperplastic and colloid thyroids, the propor- 
tion of each varying in the different batches. No attempt was made to 
diseard all pink portions of gland after preliminary washing in water, so 
that the final solutions contained considerable blood serum. The ammo- 
nium sulphate in the final solutions was removed by dialysis and sufficient 
sodium chloride was added to bring the concentration to approximately 
0.9 per cent. The protein N and I, percentages of the several iodothyro- 
globulin solutions used are given in table 1. 

Five adult rabbits, 4 males and 1 female, were used. They were main- 
tained on a standard diet of alfalfa hay and oats daily, and greens at least 
twice weekly. Measurements of heat production were made with a modi- 
fied Haldane apparatus (10). Each metabolism test was for a 2 hour 
period and was begun about 17 hours after the last feeding. Each animal! 
had 3 metabolism tests a week on alternate days. The total number of 
tests, including those during the preliminary training period, ranged from 
18 during an observation period of 39 days (rabbit 5), and 19 during an 
observation period of 42 days (rabbit 4), to 37 during an observation 
period of 84 days (rabbits 1, 2,3). The total number of iodothyroglobulin 
injections ranged from 11 (rabbit 5) and 13 (rabbit 4) to 28 (rabbits 1, 2, 3) 
The injections were made intraperitoneally immediately after the metab- 
olism tests. The dose of the iodothyroglobulin solutions ranged from 5 
ce. to 20 ce. for each animal. 

For the precipitin tests blood was obtained from the ear veins of the ani- 
mals at approximately 10 day intervals. The iodothyroglobulin solution 
which served as antigen was prepared from one of the batches of thyroid 
glands. A special effort was made, however, to obtain a solution contain- 
ing as little blood serum as possible by selecting, after a preliminary wash- 
ing, portions of gland which were not colored pink (colloid) and subjecting 
these pieces to further washing. The final solution was made up to a 
concentration of 1 per cent protein and 0.85 per cent sodium chloride 
(batch 5b). The precipitin titrations were performed from 1 to 4 months 
after the samples of blood were drawn. The antigen dilution method was 
used, 0.1 cc. portions of the rabbit antisera, undiluted, being overlayered 
with 0.1 ce. portions of geometrically progressive dilutions, ranging from 
1:10 to 1:16000, of iodothyroglobulin solution. The tubes were incubated 
at 37°C. for 1 hour and read for ring formation. They were then shaken, 
incubated a second hour at 37°C., placed in the refrigerator over night and 
read again the following day for precipitation. The following controls 
were used: Ox serum diluted 1:20 against the antisera of the iodothyro- 
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globulin injected rabbits, and the undiluted sera of a number of uninjected 
rabbits against the iodothyroglobulin solution. 

RESULTS AND CONCLUSIONS. In all instances a slight to moderate ji)- 
crease in heat production, commensurate with the dose of iodothyro- 
globulin administered, occurred and was maintained throughout the 


TABLE 2 


Precipitin titers*—Mazximum dilution of antigens showing precipitation 


RABBIT NUMBER 
DATE SERUM 


N LN 
TAKEN ANTIGE 


1935 


April 16 | Iodothyroglobulin | 400 
Ox serum | 80 


26 | Iodothyroglobulin | 1600 | 1000 
Ox serum 160 | 400 


Iodothyroglobulin 1000 | 1000 | 1000 
Ox serum } 200 O+ 


Iodothyroglobulin | 1600 1600 
Ox serum 160 100 


Iodothyroglobulin 1000 | O+ | 1000 
Ox serum 200 | 0 200 


June | Iodothyroglobulin 2000 | 1000 | 2000 
Ox serum | 200 O+ 


Iodothyroglobulin | 1000 | 2000 1000 
Ox serum 400 200 , 100 


Iodothyroglobulin | 400 | 1000 | 400 
Ox serum 160 200 0 


Iodothyroglobulin | 400 | 800 | 800 
Ox serum 160 160 0 


* Todothyroglobulin injections were begun April 5 on rabbits 1, 2, 3, and 5, and 
May 10 on rabbit 4. Injections were stopped June 10 on rabbits 1, 2, 3, and 4, and 
May 1 on rabbit 5. 


period of injections. ‘Temporary decreases and increases in heat produc- 
tion, such as might readily be attributed to changes in dosage or in batches 
of iodothyroglobulin solution, were observed, especially with batch 3a, but 
no sustained decrease indicative of the developing of tolerance. A repre- 
sentative protocol is given in detail (see table 1). 
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The precipitin titers (see table 2) of the rabbit antisera with iodothyro- 
globulin were rather low, but, as with the small rise in heat production, the 
immune response was probably also commensurate with the relatively low 
antigen content of the iodothyroglobulin solutions administered (see foot- 
note, table 1). The controls of ox serum antigen with the rabbit antisera 
gave significantly lower precipitin titers than the above, and the controls 
of iodothyroglobulin antigen with normal rabbit sera all gave negative 
precipitin responses. 

It is therefore apparent that prolonged injections of iodothyroglobulin 
do not result in the development of tolerance or refractoriness in spite of 
the definite immune response. This is in contrast to the refractoriness 
which follows repeated injections of anterior pituitary or parathyroid ex- 
tracts into animals of different species. 


SUMMARY 


Five adult rabbits received from 11 to 28 triweekly intraperitoneal in- 
jections of beef iodothyroglobulin solution in doses of from 5 to 20 ce. 
during experimental periods of from 39 to 84 days. Measurements of heat 
production were made 3 times a week, and precipitin titrations were per- 
formed on samples of blood taken at approximately 10 day intervals. 

In each instance a small but definite and sustained increase in heat pro- 
duction, and a relatively small but significant precipitin response, both 
commensurate with the relatively low concenirations of the injected iodo- 
thyroglobulin solutions, resulted. 

In no instance was there any evidence of the development of tolerance or 
refractoriness to the stimulating action on metabolism of repeated in- 
jections of iodothyroglobulin. These observations further confirm the 
opinion that thyroxine is not a part immunologically, of the iodothyro- 
globulin molecule, and by inference suggest that the hormonal activities of 
anterior pituitary, and perhaps also of parathyroid extracts are more 
intimately associated with the protein molecule. 
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In many investigations of the factors involved in follicular growth and 
ovulation emphasis has been placed on the changes in weight and structure 
which can be produced in the ovaries of prepubertal animals, and the infor- 
mation obtained from these experiments has formed a basis for theories ot 
the control of the reproductive cycle. Not until recently, however, have 
data been obtained which could be used as a standard for comparison with 
follicular growth and ovulation under experimental conditions in the adult. 
By microscopic measurements of follicles during the cycle, Myers, Young 
and Dempsey (1936) found that during the first twelve days the follicular 
growth rate is nearly constant. During the next three or four days it 
increases somewhat and at the beginning of heat or sexual receptivity a 
very rapid enlargement begins which culminates in ovulation. The first 
period of constant growth presumably indicates the time during which the 
follicle stimulating hormone is acting, while the preovulatory enlargement, 
as Foster and Hisaw (1935) have shown, is caused by the luteinizing 
hormone. 

In addition to the value this knowledge had for an investigation of 
follicular growth and ovulation under experimental conditions in the adult, 
interest in the problem was stimulated by two other observations. As 
shown above, the follicular growth rate remains constant or increases 
slightly during the cycle. During this time presumably more and more 
oestrin is being produced although current theories of the hormonal control 
of the reproductive cycle postulate that a rising threshold of oestrin in- 
hibits the production of follicle stimulating hormone. More recently, 
single injections of 0.2 I.U. progesterone on the fourteenth or fifteenth day 
of the cycle were found to be followed by heat but not ovulation. Four 
or five days later a second period of sexual receptivity occurred which was 
accompanied by ovulation (Dempsey, Hertz and Young, 1936). The 

1 This investigation was supported by a grant from the Committee for Research 


in Problems of Sex, National Research Council, administered by Prof. William C 
Young. 
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consequence of this treatment, therefore, was the prolongation of the inter- 
val between ovulations from sixteen or seventeen days to nineteen or 
twenty days, and it appeared that the single injection of progesterone had 
caused a delay in ovulation by inhibiting the release of the luteinizing 
hormone. 

Using adult animals whose stage in the reproductive cycle was known 
accurately, determinations of follicular volumes were made after the 
following experimental procedures. The effect of the hypophysis upon 
follicular growth was determined by hypophysectomy. The effect of the 
corpus luteum upon follicular growth was studied by the injection of 
progesterone, by pregnancy and by removal of the corpora lutea, and the 
effects of the female and male hormones by injections of oestrin, testo- 
sterone and androsterone benzoate. 

Hypophysectomy. In order to determine the follicular development 
which occurs as a result of stimulation by the pituitary and the changes 
which are independent of pituitary control, a study of the ovaries of hypo- 
physectomized animals was undertaken. Three animals were hypophysec- 
tomized by the parapharyngeal route immediately after ovulation. The 
animals were killed twelve days later and the ovaries removed. The 
completeness of the operation was verified by an examination of scrapings 
of the sella turcica. Examination of the ovaries revealed that there was 
no reduction in the number of non-vesicular follicles. The largest normal 
appearing follicles were vesicular follicles comparable in size to those found 
on the third or fourth day of the cycle. More numerous, however, were 
atretic vesicular follicles of about the same size. These were characterized 
by a loosening and separation of the granulosa cells and either maturation 
spindle formation or fragmentation of the ova. Normal, healthy appear- 
ing corpora lutea were found. This appearance suggests that there is a 
continuous development of primary follicles to form vesicular follicles, but 
that the stimulus for growth is lacking and atresia results, as Smith (1930) 
has found for the rat. If so, growth of the vesicular follicles from the time 
of their formation up to the beginning of the preovulatory enlargement is 
under the control of the follicle stimulating hormone from the pituitary, 
but the earlier stages up to and including the formation of the antrum may 
occur independently of the pituitary. 

Injection of progesterone. Five animals were injected with 0.05 1.U. 
progesterone (Proluton, Schering) daily for twenty days, beginning the 
tenth day of the cycle. At the end of this time the ovaries were sectioned 
serially, the follicles measured according to the method used by Myers, 
Young and Dempsey (1936), and the volume of the three largest follicles 
from each animal computed. No corpora lutea were found, but normal 
and atretic follicles of all sizes from those in which the antrum was just 
formed to the largest, the volume of which averaged 413 & 10° cu. u, were 
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present. These follicles were therefore of approximately the same size as 
follicles found in normal animals on the thirteenth or fourteenth day of the 
cycle. Since large atretic follicles but no corpora lutea were present, it is 
thought that the developing follicles do not ovulate but become atretic. 
The presence of a graded series of normal follicles as well as atretic follicles 
makes it probable that follicles grow to their maximum size, become atretic 
and are immediately replaced by other follicles which have started their 
development at a slightly later time. The result, therefore, is that follicles 
of this maximal size always are present in the ovary. 

Although ovulation does not occur while progesterone is being injected, 
the large follicles are capable of ovulation if the proper stimulus is applied. 
This was shown when five animals were injected daily for ten days with 
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Fig. 1. Graph showing follicular growth in normal animals and after various 
experimental procedures. 


0.05 I.U. progesterone, beginning the tenth day of the cycle. Heat and 
ovulation occurred in all five animals within two or three days after the 
injections were stopped. Likewise, ovulation occurs after injection of 
luteinizing hormone while the animal is still under the influence of proges- 
terone, as is shown in the following experiment. 

Five animals were injected daily, beginning the tenth day, with 0.05 I.U. 
progesterone. After the tenth injection, 10 to 25 R.U. Antophysir 
(Winthrop), a pregnancy urine concentrate, was injected intravenously. 
In all five animals ovulation occurred within twenty-four hours with the 
formation of corpora lutea. 

These experiments indicate that the injection of progesterone does not 
affect the rate of follicular growth (fig. 1), but the stimulus for ovulation 
seems to be lacking and atresia occurs. Since ovulation follows the injec- 
tion of luteinizing hormone, it appears that the failure of ovulation which 
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follows progesterone administration is caused by inhibition of the releas 
of the luteinizing hormone from the pituitary. Moreover, the normal 
follicular growth rate indicates that the production of follicle stimulating 
hormone by the pituitary is not influenced by this treatment. Compar- 
able results for the rabbit have been described by Makepeace, Weinstein 
and Friedman (1936). 

Pregnancy. During pregnancy the behavior of the follicles is similar 
to that observed after the injection of progesterone. In two animals eight 
days pregnant, the volume of the largest follicles averaged 243 & 10° cu. u. 
In two animals sixteen days pregnant the largest follicles averaged 
426 X 10° cu. uw, and in four animals twenty-four days pregnant the largest 
follicles averaged 388 X 10° cu. u. These figures agree very closely with 
the values for progesterone treated animals (fig. 1). 

Removal of corpora lutea. In the guinea pig ovulation is confined to one 
ovary in approximately one-third of the cases. It is therefore possible to 
remove the corpora lutea in such animals by removal of the ovary in which 
ovulation has occurred. When the corpora lutea are removed immediately 
after ovulation, the cycle is shortened from an average of sixteen days to an 
average of eleven days as Loeb (1911) found. Control unilateral ovariec- 
tomies in which at least one corpus luteum is left have no effect on the 
length of the cycle. The largest follicles in two animals from which the 
corpora lutea had been removed, and which were killed the fourth day after 
heat, averaged 44 X 10° cu. uw. On the eighth day the volume of the 
largest follicles in three animals averaged 180 X 10° cu. u. When four 
animals were killed at the beginning of the next subsequent heat, the 
volume of the largest follicles averaged 442 XK 10° cu. uw. It can be seen 
(fig. 1) that the growth rate remains unchanged during the early part of 
the cycle, but the preovulatory swelling and ovulation occur when the 
follicles are smaller than normal. Since it has been shown above that 
progesterone inhibits the release of the luteinizing hormone, and therefore 
ovulation, it would seem that during the reproductive cycle the corpus 
luteum inhibits the luteinizer and the follicle grows larger because the 
follicle stimulating hormone acts over a longer period of time. 

This action of the corpus luteum in controlling the size of the follicle at 
ovulation suggested that the follicles which rupture at the first oestrous 
period might be smaller than normal because during their development the 
ovaries contained no corpora lutea. This was found, however, not to be 
the case. The largest follicles from five animals killed at the beginning 
of their first heat averaged 761 X 10° cu. u, while the average volume of 
follicles from five animals at the beginning of their second heat was 586 
xX 10° cu. uw. This unexpected result can not be explained until more is 
known about the factors involved in the release of the luteinizer at the 
first oestrus. 

Injections of oestrin. In preliminary experiments five animals were 
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injected with 250 I.U. oestrin (Progynon B, Schering) daily for twenty 
days, beginning the tenth day of the cycle. At the end of this time thy 
ovaries were sectioned and studied. No constant result was obtained 
Large follicles and corpora lutea were present in two animals, corpora lutes 
but no large follicles were found in two animals, and the fifth animal hac 
neither large follicles nor corpora lutea. Since these injections wer 
begun while corpora lutea were still in the ovaries, it was thought the effec: 
of the injections might have been counteracted by the presence of thi 
corpora lutea, at least in some cases. Consequently, similar injections wer 
made into animals from which the corpora lutea had been removed by 
unilateral ovariectomy. 

These animals were injected daily with 250 I.U. oestrin for intervals o' 
ten, fifteen and twenty days when the remaining ovary was removed an 
sectioned serially. The ovaries of three of the four animals injected fo: 
ten days contained large normal follicles, the largest averaging 251 X 10 
cu. uw. The ovary in the fourth animal contained no large normal follicle- 
but atretie follicles of a comparable size were present. In two animal: 
injected for fifteen days no large normal follicles were found, but atretic 
follicles whose volume averaged 265 X 10° cu. u were present. Maturation 
spindles and occasional polar bodies were found in the ova of these atretic 
follicles. Finally, in two animals injected for twenty days, large norma! 
follicles averaging 332 X 10° cu. uw were found. No corpora lutea were 
present in any of these ovaries. 

It is apparent from a study of the growth rate of the follicles in these 
animals that in spite of the injections of oestrin, follicular growth had 
taken place at a rate comparable with that of the controls from which the 
corpora lutea had been removed (fig. 1). Between the tenth and fifteentl 
days, the time of ovulation in the controls, atresia of all large follicles had 
occurred and a new crop of follicles had begun their growth. It is prob- 
able, therefore, that in the preliminary experiments in which oestrin was 
injected for twenty days into normal animals, such cyclic growth occurred 
The lack of constancy of the results could be explained by the assumption 
that atresia or ovulation had occurred in some cases but not in others. 

It seems certain from these results that the daily injection of large quan- 
tities of oestrin does not prevent follicular growth, up to the size attained 
in other experimental groups. Some interference with the ovulatory 
mechanism is indicated by the fact that cyclic atresia and degeneration 
rather than ovulation is the fate of these follicles. Whether this is attrib- 
utable to an inhibition of the luteinizing hormone or is a direct effect of 
oestrin upon the ovary is unknown. 

Injections of male hormone preparations. Injections of testosterone 
(Oreton, Schering) and androsterone benzoate (Oreton B, Schering) were 
followed by determinations of the occurrence of heat, the length of heat, 
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the length of the reproductive cycle and follicular volumes. Four animals 
were injected with 0.1 mgm. testosterone daily, beginning the fourteenth 
day of the cycle and continuing until the beginning of the second subse- 
quent heat period when the animals were killed. The reproductive cycles 
were completely normal and the largest follicles averaged 698 & 10° eu. u 
The same was true for two animals injected daily in the same manner with 
0.1 mgm. androsterone benzoate. The largest follicles averaged 520 « 10° 
cu. uw. Both figures are well within the range of variability in norma! 
animals at the beginning of heat. Apparently, male hormone in the 
quantities administered has no effect upon the reproductive cycle in the 
guinea pig. 

When the follicular growth curves from all the experimental procedures 
are plotted simultaneously (fig. 1), it is evident that in all groups the 
growth rate of the follicles during the first ten days of the cycle is the same 
In other words, no alteration of the basic growth rate occurs with any of 
the experimental procedures above excepting hypophysectomy. This 
result has caused us to question the current theories of the control of the 
reproductive cycle as far as the guinea pig is concerned. 

Discussion. While this investigation was in progress, Duncan, Galli- 
gher and Koch (1937) reported that inhibition of the sexual cycle pre- 
viously described as a result of injection of testis-tissue extracts is caused 
by impurities of phospholipins in the preparations used. When phospho- 
lipin-free preparations were injected, no inhibition of the cycle resulted. 
Consequently, both investigations show that injection of testosterone does 
not inhibit the follicle stimulating property of the pituitary. It is also 
shown in the present study that oestrin does not inhibit the follicular 
growth which occurs cyclically in the guinea pig, although some inter- 
ference with ovulation occurs. 

In earlier experiments (Dempsey, Hertz and Young, 1936), attention 
was called to the fact that injections of oestrin on the twelfth to fifteenth 
days of the cycle did not hasten ovulation, although ovulation could be 
produced at this time by injections of luteinizing hormone. This fact 
caused us to doubt that a high level of oestrin is directly responsible for 
the release of the luteinizing hormone in the guinea pig, as Lane (1935) 
has postulated for the rat. Likewise in the present investigation, no 
evidence for this hypothesis can be found. When a high level of oestrin 
is maintained artificially, cycles of growth and degeneration of the follicles 
occur at the same time that similar cycles of growth and ovulation occur 
in the control animals. 

The current theories of the endocrine control of the reproductive cycle 
have depended largely upon the demonstration that a rising threshold of 
oestrin inhibits the production of follicle stimulating hormone and causes 
the release of luteinizing hormone from the pituitary. In the adult fe- 
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male guinea pig the basic events of the cycle caused by these two hormones 
proceed without interruption after either short or long-continued oestrin 
administration. It is thought therefore that the secretion of follicle 
stimulating hormone occurs at a nearly constant rate during the cycle, 
while the periodic release of the luteinizer is accomplished either by some 
basic rhythm of the pituitary itself, or in consequence of a rhythmic dis- 
charge from some still more central mechanism, possibly the central nerv- 
ous system. Further investigation of this hypothesis and the possibility 
that a high level of oestrin is necessary but not directly responsible for the 
release of the luteinizer is contemplated. 

The author wishes to express his sincerest appreciation to Prof. William 
C. Young for his constant interest and advice, to Messrs. Richard J. 
Blandau, John L. Boling, Vincent J. Collins and Carl W. Hagquist for 
invaluable help in observing animals, and to Dr. Erwin Schwenk oi 
the Schering Corporation for his generous contribution of male hormone 
preparations. 


SUMMARY 


1. Such widely different experimental procedures as pregnancy, re- 
moval of corpora lutea, injection of progesterone, oestrin, testosterone 
and androsterone benzoate do not influence the basic growth rate of fol- 
licles during the reproductive cycle in the guinea pig. Follicular growth, 
however, is abolished by hypophysectomy. 

2. Pregnancy and injections of progesterone prevent the preovulatory 
swelling and ovulation. This is attributed to a direct inhibition of the 
release of the luteinizing hormone, since injections of this substance cause 
immediate ovulation. 

3. Removal of the corpora lutea immediately after heat and ovulation 
shortens the cycle from an average of sixteen days to eleven days. This 
is accomplished by the initiation of ovulatory changes before the follicle 
has attained its normal size. 

4. The significance of these experiments for current theories of the endo- 
crine control of the reproductive cycle is discussed. It is suggested that 
there is a basic rhythm in some central mechanism which controls the 
reproductive cycle. 
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In a previous communication from this laboratory (Winslow, Herrington 
and Gagge, 1937) we have described the general physiological reactions of 
two unclothed subjects (one of pyknic, and one of leptosomic habitus) to a 
range of environmental conditions extending from hot to cold, and varying 
widely in the air and wall temperatures governing, respectively, convection 
and radiation exchange. High wall temperatures were obtained by the 
reflection of radiant heat from the copper walls of a booth provided with 
wide-range air-conditioning equipment. For all theoretical and experi- 
mental details of the method of partitional calorimetry involved, the reader 
is referred to the paper cited above, and to earlier work cited therein. 

We now desire to present data which indicate that the course of physi- 
ological adjustment to environments of otherwise physically identical 
calorie-demand is influenced by the relative proportions of heat lost 
through radiation and convection. We find that if two conditions are con- 
trasted, in one of which the value of 7’'~—T7',' is large, in the other small or 
zero, the relative degree of thermal equilibrium attained after a standard 
period of exposure, is different in the two cases. It is understood that the 
two contrasted environmental situations have a total physical heat-ex- 
tractive potency (calorie demand with respect to radiation and convection 
combined) which is identical. They differ only in the relative dispersion 
of air and wall temperature from the intermediate ‘‘operative temperature’’ 
(To) which we have used to define the combined physical influence of both 
air and walls. 

Since the validity of any conclusions reached through such a comparison 
is dependent upon the accuracy with which To actually does define the 
thermal intensity of any combination of air and wall temperatures, it will be 
necessary to review this concept briefly; fuller details being given in the 
paper cited above. 

The equational statements describing radiation and convection ex- 


1 Tw = Radiation temperature of walls. 74 = Ambient air temperature. 
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changes in terms of wall temperature, air temperature, skin temperature, 
geometric surface area, and radiation surface area were successfully derived 
for the two subjects in question, while evaporation was determined directly 


by weight loss, and storage (rate of change in temperature of the body 
tissues) by difference. The experimental data so partitioned provided an 
empirical measure of the heat-extractive potency of the environment. 
This scale was a measure of the net effect of radiation and convection ex- 
pressed in terms of the fundamental partition equation,? 


M+S-—-E=R+C 


Since the same total value for R + C may be arrived at through many 
different combinations of air and wall temperatures, it was necessary to 
develop a thermometric expression for the purpose of describing the ther- 
mal equivalent of any combination of radiation and convection. 

The standard thermal intensity of any combination of radiant wall 
temperature and air temperature has, therefore, been measured in terms 
of an operative temperature. This represents a value intermediate between 
that of air and wall properly derived to correspond to the established 
physical effects of radiation and convection. It is a weighted average of 
the actually observed wall and air temperatures in which the weights are 
the convection and radiation constants, respectively, which are descriptive 
of the individual subject. Since these constants contain the area constants 
as well as the fundamental physical constants, the resulting scale of opera- 
tive temperature is not a scale of physical temperatures in the ordinary 
sense, but incorporates a biological factor which renders it responsive to 
variations in any thermal effect of a standard environment which is a func- 
tion of the pattern and surface area of the organism under consideration. 

For the purpose of approximate orientation in terms of usual sensory 
experience the reader may assume that any combination of wall and air 
temperatures represented by a given operative temperature is equivalent 
to an environment of wall and air, both at an equal temperature, corre- 
sponding to the given value of the operative temperature. This is strictly 
true, however, only where absolute size, posture and type of body covering 
are the same.’ 

In terms of operative temperature it has, therefore, been possible to de- 
fine the thermal effectiveness, with respect to radiation and convection, of 
any two environments irrespective of the combination of wall and air 


2 The symbols refer to rates of energy production, or gain or loss from the environ- 
ment, expressed in Cal/m?/hour, for metabolism, heat storage, evaporation, and 
radiation and convection exchanges. 

3 For subject I, 0.51 7.4 + .49 Tw = To: where 74 = 10° and Tw = 40°. To = 0.51 
(10) + 0.49 (40) = 24.7. T4 = 24.7 and Tw = 24.7 To = 0.51 (24.7) + 0.49 (24.7) 
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temperatures represented. The derivation is rigorous and physical, and 
affords a fundamental and independent variable with which to compare 
our physiological observations. 
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Fig. 1. Influence of radiation-convection ratio on skia temperature (1A), rate of 
storage (1B) and conductance (1C), at various operative temperatures. Open circles 
Tw—T less than 6°, crosses 6°-12°, black circles over 12°. 


Influence of the radiation-convection ratio on skin temperature and storage. 
In figure 1A are shown graphs of the data which first drew attention to the 
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differential effect of air and wall temperatures.‘ In these graphs we not: 
that the mean skin temperature (7's) of experimental groups whose wall- 
air’ differentials (T ~—T' 4) were less than 6° (open circles) lie (so far as the 
right hand side of the graphs are concerned) above the general slope in the 
plot of T's against To. The T's of groups whose T »—T'4 values exceeded 
12° (black circles) lie below this slope. Groups with values of Tw—T 4 lying 
between 6° and 12° (crosses) occupy an intermediate position. This means, 
of course, that at operative temperatures below 31°, a given loss of heat by 
convection has a greater effect in lowering skin temperature than has a 
similar heat loss by radiation. 

Similar plots are given in figure 1B for storage as compared with opera- 
tive temperature. Here, positive storage (rate of cooling of the body) is 
less at a given operative temperature and for standard time, where the 
difference between wall and air temperature was greatest. This is, of 
course, a necessary result of the lower skin temperature. With a lower 
skin temperature the difference between body surface and environment 
becomes less and hence the heat loss by radiation and convection and the 
consequent storage (or cooling of the body) must correspondingly decrease. 

The considerable variability to be seen in the graphs is not entirely a 
random error variability. Each point is physically quite accurate. This 
is particularly true of the skin temperatures, where the plotted point is 
probably never dislocated from its true position by more than 0.1°C. The 
scatter is related to the variability in absolute level of total metabolism on 
different days, and is influenced as well by slight differences in the basal 
level of skin temperatures at the beginning of each partition experiment. 
This variability is not important in a single partition but produces a 
scatter in graphic analysis of grouped data which would be minimized it 
the results were expressed in terms of a standard metabolism and standard 
evaporation. Whatever consistent differences appear, without such cor- 
rection, in the level of skin temperature and storage at a given operative 
temperature, but with high radiation and cold air on the one hand, and 
walls and air of more nearly equal temperature on the other, are par- 
ticularly convincing. 

Influence of the radiation-convection ratio on thermal conductance of the 
skin. The same general phenomenon is illustrated in even more striking 
fashion by the property which we have described in our previous paper as 
“conductivity” but which, since it applies to the system as a whole rather 
than to the tissues specifically, may perhaps better be called ‘‘conduc- 
tance’”’. This factor is dependent upon the difference between skin tem- 
perature (7's) and body temperature (7',), (the latter measured by rectal 

‘ The basic data on which the graphs in the present paper are based will be found 


in an earlier contribution (Winslow, Herrington and Gagge, 1937). 
>’ Wall temperature always being above air. 
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temperature), and upon the heat flow through a given area of skin. The 
heat flow is obviously metabolism (M) plus storage (S) divided by the Du- 
Bois area of the body (A). The formula for conductance thus becomes: 


M+S 
A(T, — Ts) 


C = 


This factor is a measure of the readiness with which the surface layers of 
the body conduct heat outward to the environment, and its variation (in a 
given individual) is due chiefly to change in cutaneous blood supply. 

In figure 1C we have plotted this factor against operative temperature.’ 
The absolute conductance for the slender subject (II) is, of course, much 
greater than for the stout subject (I) on account of the greater insulative 
value of fatty tissues; but in the zone below To of 31°, the relative values 
for cold-air hot-walls fall consistently below those for thermally equiva- 
lent conditions with walls and air of approximately equal temperatures; 
the difference being relatively much greater than in the case of either skin 
temperature or storage alone. 

It is of particular interest to note that in the zone of operative tempera- 
ture below 24°, the curves for all three types of environmental conditions 
cease to fall. This means that in an environment with high calorie- 
demand, the constriction of the skin blood vessels reaches a limiting value 
and goes no further. The limiting value, however, is higher with air and 
walls at nearly equal temperatures than with warm walls and cooler air, 
and is lowest with still warmer walls and still colder air. This is true, with- 
in the zone in question, irrespective of operative temperature, so that the 
differential influence of the two environments is clearly demonstrated. 

It is interesting to note that in all three graphs the influence of T »—T , 
under discussion is not conspicuous above 31°. For subjects I and IT this 
is the approximate 7'> at which the heat-regulatory processes are inflected 
from a phase of reduced to one of increased heat dissipation. Above 31° 
the evaporative mechanism is the chief means of adaptation, and it is so 
effective that it is not possible to say positively from these data that the 
region of the T’ »—T', effect lies entirely below 31°. Such an effect must of 
necessity disappear at complete equilibrium,’ and at points in time short of 
equilibrium will be more conspicuous the slower the physical process of ad- 


6 In each graph two groups of experiments with very high To (over 39°) have 
been omitted as irrevelant to the present analysis. For subject I these conductances 
were in both cases 23.9; and for subject II, 38.3 and 48.6. The last two would lie 
above the upper limits of the graph. 

7 At complete equilibrium the metabolic heat loss through radiation (/) and 
convection (C) represented on the production side by metabolism (M) minus evapo- 
ration (EZ) will require an identical 7's — To differential regardless of the composition 
of To with respect to wall and air temperatures. 
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Adjustment through vasoconstriction in cool environments is 
significantly slower and less effective than the evaporative adjustment to 
hot environments (of low moderate humidity). 


TABLE 1 


Variation in skin temperature with equal operative temperatures and varying influence of 


radiation and convection 


SUBJECT I SUBJECT II 
5 | 36.1) 1.1) 35.4) 35.1 
4 | 36.1) 21.7) 35.7) 35.1 
| 
| | | 
10 /33.9| 1.0/34.4) 34.1/34.1] 34.3/34.2) 7 | 34.4! 10.3] 34.8] 34.2 
11 |33.9| 43/34 9) 34.4)34.6| 34.7/34.6) 6 | 34.4) 31.4) 33.8) 34.9 
| 
| | | 
15 /32.2) 6.3)34.9) 34.7)34.8) 34.0)34.4| 31.6) 6.0) 34.4) 34.6 
13 [32 2/29.2'35 5) 34.9/35.8) 34 034.8) 12 | 31.6) 27.1) 35.3) 34.8) 
| 16 | 30.6] 6.5| 34.7) 34.8 
| 15 | 36.6) 29.9) 32.8) 35.2) 
21 28.3) 1.3)33.9) 33.8)33.9) 32.8)33.4) 19 | 27.8) 32.8) 33.7 
19 5)33.7) 34.034 1) 33.0)33.6) 20 | 27.8) 8.7) 33.2) 33.2) 
| | | | | | 
| 
28 [23.9| 8.8133.6| 32 0)31.4| 29.8/31.0| 24 | 24. 12.5] 32.3) 30.7 
27 |23.9/14.1/33.4| 31.3/31.4] 28.4|30.3| 22 | 24.4] 31.2) 27.4] 29.6) 
| | | | | 
e 
| | 26 | 23.9) 2.7) 31.5) 31.6) 
| | | 25 | 23.9) 12.8) 31.7) 30.7 
| | 
| | | 28 | 22.8] 0.5 30.9] 31.0 
| 27 | 22.8) 7.3) 30.3] 30.7 
| | | 
33 [21.1)15 0/32.2| 29.8/30 2| 26.7|29.1| 33 | 20.6) 13.6) 28.3) 29.8 
32 |21.1/22.7/29 9) 28.229 .8) 26.3,28.0) 31 | 20.6) 21.4) 27.3) 28.1 
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Detailed analysis of influences of air and wall temperatures upon skin tem- 


perature. 


In order to investigate the possible continuance of the effect 
above 31°C., and to study it below 31° with more carefully selected mate- 
rial, we prepared in table 1 an exhibit of all pairs of experimental groups 
having identical values of 75 and varying values of T w— T 4. 


In this table 


= 

35.2) 34.9) 35.1 

35.3] 34.7) 35.0 

34.6] 34.0] 34.3 

35.2) 34.2] 34.7 

34.9) 34.0] 34.4 

35.3] 34.3] 34.8 

35.0! 34.1] 34.6 

35.3] 33.1] 34.2 

34.1} 31.4] 32.8 

33.6) 31.8] 32.8 

33.2] 29.7] 31.3 

32.6) 29.0) 30.7 

32.7| 28.9} 30.7 

32.5] 28.6] 30.3 

32.2| 27.8] 29.6 

31.1) 27.0) 28.6 

35 | 17.8} 1.2) 28.7) 29.2) 32.1) 28.1] 29.6 

34 | 17.8} 8.2) 27.1| 27.5] 31.0] 27.4] 28.5 
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are given mean skin temperatures for the four main segmental regions of 
the body, in addition to the general weighted mean for the body as a whole 

It will be noted that for subject I we have five paired groups. The three 
groups of operative temperatures above 28° show mean skin temperature 
excesses for the high radiation conditions, of 0.4°, 0.4° and 0.2°, respec- 
tively, while the two groups at lower operative temperatures show mean 
deficiencies for high radiation of —0.7°, and —1.1°, respectively. For 
subject II, the critical point is at a higher level, as would be expected, since 
this is the leptosomic subject whose natural insulation is less effective. 
Here there is one group with a very high operative temperature (36.1°) 
which shows a deficiency of —0.1° for high radiation. This figure is prob- 
ably of little significance since it appears in a region where skin tempera- 
ture regulation has passed its limit and the body is dependent on evapora- 
tive cooling. The next two groups at operative temperatures of 34.4° and 


TABLE 2 
Deviations of skin temperatures for high radiation as compared with low 
radiation conditions 


UPPER LOWER 
EXTREMITY EXTREMITY 
Subject I 
Above T'o = 
Below To = 


Subject II 
Above To = 
Below To 


31.6° (corresponding to the first three groups for subject I) show excesses 
for the high radiation condition of 0.4° each. The remaining seven paired 
groups at operative temperatures below 31°, show deficiencies for the high- 
radiation condition of —0.4, —.0, —1.3, —0.6, —0.4, —1.0 and —1.1°, 
respectively. The segmental skin temperatures indicate the same rela- 
tions as those noted above for the general mean skin temperatures. 

If all groups above 31° and below 31° are compared with regard to mean 
skin temperature on the basis of the plus or minus mean deviations of the 
segmental with large 7’ values from those with small values, we 
obtain the relation indicated in table 2. 

This confirms the more detailed table 1 from which it is derived. Of 
special interest, however, is the fact that the slender subject (who is physi- 
cally less adequate to cool environments) shows his greatest differential 
response on the cool side; and conversely, the stout subject the greatest 
effect on the hot side. 


—13 —().8 07 0 7 
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The general tendency for a cool-air hot-radiation condition to favor a 
high skin temperature at high operative temperatures, and a low skin 
temperature at low operative temperatures, is clear. Our next attempt 
was to see whether, on the cool side, there was a quantitative relationship 
between the effect and the size of the wall-air differential. For this 
purpose we selected from the available data (Winslow, Herrington and 
Gagge, 1937, tables 1 and 2) four groups of experiments for each subject in 
which mean operative temperatures ranged between 22° and 25.5°, but in 
which wall and air temperatures varied widely. 

In table 3 are summarized the mean values for the observed 7's shift 
with increasing T w-— 7T'4, the predicted shift (which corrects for slight differ- 
ences in metabolism, evaporation and 7’, between groups, disregarding any 
significance which the T »— 7’, value may have) and the resulting derived 


TABLE 3 


SUBJECT I SUBJECT II 

Num- | | Num- | Mean 
ber of Mean Mean | effect- | ber of Mean | Mean | effect 
groups lobserved predicted; tive | groups observed |predicted! tive 

in Wo" Al shift shift differ- in Ss Al shift shift | differ- 
mean ence mean ence 

4 | 31.4) 2.4 |(Refer-|(Refer-| 4 | 31.1} 1.6 |(Refer-|(Refer- 

ence)| ence)| ence)} ence)| 
t 31.3} 8.9 | —0.1 | +0.8 | —O 9| 4 | 31.6 | 8.9] +0.5 | +0.1 | +0.6 
| 
7 | 30.6) -08|-02)-06) 8 | 308/164] -03| +0.1| -0.4 
2 | 29.4] 23.5 | —2.0] —0.9] —1.1] 2 | 29.9 


26.0 | -1.2| -0.7.] -0.5 


value for the effective difference in 7's as afunction of T w—T 4, To remain- 
ing constant. 

Comparison of the theoretical 7's; with the observed 7's (table 3) shows a 
residual deviation in observed 7's with increasing values. For 
both subjects the mean 7's at T w— T 4 values of about 16° and 25° are lower 
than when air and wall are more nearly equal. The slender subject (11) 
shows a nearly maximal effect at a T »— 7 4 value of 16° while an increase is 
still apparent for the stout subject (J) at a T »— 7 4 value of 25°. This is in 
accordance with the different thermal resistance of the two subjects, and 
the probability that the effect is essentially a more rapid vaso-constriction 
under conditions with large T w—T'4 values. 

The data in table 3 suggest that the effect increases directly with the 
value of Tw—T.4. Further evidence from specially designed experiments 
is needed at this point. 

The reversal of the direction of the effect of bigh radiation and cold air 
at a point (31°)—of no physical significance but of critical importance for 


The effect of air-wall difference on mean skin temperature | 
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heat regulation—and the variable magnitude of the observed 7's difference 
for different body segments practically removes the possibility that an in- 
strumental error in any of the radiometric devices can be considered. 
Furthermore, repeated checks on these devices under similar conditions 
with physical bodies reveal no such differences. Aside from substantial 
evidence in other connections of the validity of the radiation and convec- 
tion constants, it is difficult to imagine a systematic error in either value 
which would reproduce the observed effect. 

Under these circumstances the conclusion seems justified that in two 
environments, at equal operative temperatures, the process of thermal ad- 
justment proceeds more rapidly below a 7’, of 31° in that environment with 
a significantly larger difference between wall and air temperatures. Such 
evidence as is at present available indicates that the effect is reversed 
above a 7’, of 31°. 

If the effect is independent of the absolute operative temperature, it 
must be related either to the stimulus of relatively cool air, to that of hot 
radiation, or conceivably to a contrast effect of the two acting jointly. 

Statistical analysis of our data in terms of basic thermal equations involved. 
The problem in hand can be approached in a different fashion by a statis- 
tical analysis of our data as a whole, with respect to the basic equations of 
thermal interchange. The fundamental relationship is, of course, indi- 
cated by the equation; 


M+S—-E=R+4C. (1) 


From this equation we can obtain, by appropriate substitution, a predic- 
tion of skin temperature for any subject whose fundamental constants have 
been determined. 

For subject I the equation of thermal balance properly supplied with 
constants representing effective radiation area and convection constants 
(Winslow, Herrington and Gagge, 1936) has this form for any operative 
temperatures: 


M+S-—E = 1.32 10° — Tw) + 9.2 (Ts — T,), (2 


which can be conveniently reduced to first degree with no essential error by 
substituting the first approximation of the radiation term (4 7’s*) (7;—T w) 
and computing 4 7's? as a constant with the value determined for 


Ts = 32.2°, 
M+S8S —E=88 (Ts—Tw) + 9.2 (Ts—T a). 
This equation may be solved for 7's, 


Ts = 0.51 T, +0.49 Tw +0.056 M +0.056 S —0.056 FE. 
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This equation is physical in nature and any approximations entering 
into it are approximations of mathematical values and embody no impor- 
tant error in energy balance, nor do they imply any biological reaction. 

This equation is equally applicable to physical or biological systems when 
the associated variables are appropriately defined. In practical experienc: 
with biological material certain modifications in the relative importance o! 
variables arise through causal interplay between factors not implied in the 
physical process. This in no way detracts from the fundamental physica! 
validity of the equation. It merely opens the possibility that a typical! 
description of body reactions in such terms, including an allowance for such 
relations, would more fully describe the type of variation actually experi- 
enced. For example, from the physical statement there is no reason why 
E should not be equal to M at any point, but we know that this only occurs 
under certain conditions. An effort, therefore, has been made to give a 
special statement of the equation in terms of the variations empirically 
realized. 

For subject I, the data below 31° were found to be best described in 
terms of the following multiple regression equation: 


Ts = 0.373 T w +0.391 T, +0.056 M +0.033 S —0.028 FE +6.12. (5) 


Best estimates of the observed T's in terms of various combinations of 
variables appear as follows: 


(a) Ts = 0.10 Tw + 27.7 

(b) Ts = 0.25 T, + 266 

(c) Ts = 0.31 T, + 0.18 Tw + 19.7 

(d) Ts = 0.237, + 0.16 Tw + 0.06 M + 16.0 

(e) Ts = 0.297, + 0.15 Tw + 0.05 M + 0.01 E + 15.9 


All of the relations suggest the relative importance of 74 in comparison 
with T » as a determinant of skin temperature. It is conceivable that, 
when the 7 is much higher than the air, the presence of air at ambient 
air temperature in the respiratory passages is the effective stimulus to this 
peculiar difference in adjustment found in connection with larger Tw—T7', 
differentials. Another alternative might be sought in the established fact 
that radiation is absorbed at a level beneath the physical skin boundary 
which is active in convection exchange with air. The point of normal ab- 
sorption is probably in close proximity to the location of the skin receptors 
for thermal stimuli. 


CONCLUSIONS 


1. The net effect of different combinations of air and radiant wall tem- 
perature in determining heat lost from the human body has been ex- 
pressed in terms of an operative temperature. 
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2. The rate of thermal adjustment of the body to a new environment has 
been found to be relatively accelerated at constant operative temperatures, 
under those conditions which have widely dispersed air and wall tempera- 


tures. Where the operative temperature is below 31°C., this means that 
the skin temperature is lower with cold air and warm walls than with air 
and walls more nearly alike. At operative temperatures above 31°C., 
limited data indicate a reversal of this effect. In both cases the result is a 
better adaptation to the thermal environment: in the cool region in the 
sense of an earlier initiation of vaso-constriction, and in the hot region of a 
more rapid approach to the skin temperature which will eventually produce 
the necessary evaporative adjustment. 

3. The effect is not a function of any difference in the physical heat of the 
environment, but appears to be related to an alteration in the process of 
heat regulation in which a stimulus peculiar to the cold-airhot-radiation 
complex is the effective agent. 
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In the course of a series of cortical ablation experiments with the cat 
(Waller, 1; Waller and Barris, 2) it was observed that differences in the 
widths of the two pupils'were frequently associated with injury of the oc- 
cipital lobe. To more definitely locate the area of cortex responsible for 
this phenomenon five unilateral and two bilateral occipital lesions were 
made. All of these were so placed as to involve at least part of the poste- 
rior lateral gyrus, at the lower end of which is located the pupillo-constrictor 
area of Barris (3). 

Mertuops. Aseptic operations were performed under nembutal anes- 
thesia (pentobarbital sodium, 0.2 grain per pound). In each case a 
large opening was made in the calvarium with a hand trephine and ron- 
geurs, so that the occipital lobe could be elevated. The desired cortical 
region was excised with the electro-cautery. The temporal muscle was 
replaced and the incision was closed with skin clips. 

Records of the sizes of the pupils were made over two week periods, ex- 
cept in the case of cat 6, which died on the sixth postoperative day. Ob- 
servations were made in a moderately lighted room, so that the pupils were 
ordinarily from 4 to 10 millimeters in width. Several normal cats were 
used as controls. The pupils of these animals dilated and constricted 
from time to time in response to various stimuli, but ordinarily they were 
equal in width. Similar fluctuations were seen in the unequal pupils of 
the cats with lesions of the occipital cortex. These changes in size, how- 
ever, were sometimes disproportionate, so that there were alterations in 
the ratio of the width of one pupil to that of the other. Each record was 
entered after observing the pupils for several minutes, and an attempt was 
made to estimate the sizes of the pupils as they appeared at moments when 
disturbing influences were at a minimum. 

In the following description of the results obtained the term ‘‘con- 
tralateral pupil’ always refers to the pupil of the eye on the side opposite 
the cortical injury. The term “homolateral pupil” is always used in 
reference to the pupil on the same side as the lesion. 

Resutts. There was a definite tendency for the pupil contralateral to 

144 


PUPILLARY INEQUALITY AND LESIONS OF OCCIPITAL CORTEX 145 


the lesion to exceed the homolateral one in width, as shown in table 1, i 
the five cats with unilateral lesions. Of the two animals with bilateral! 
lesions, cat 6 had the larger pupil on the left side, and cat 7 showed no in- 
equality. On some days, when the pupils of one or another of the unilat- 
erally operated cats were observed under the usual conditions of lighting 
in the examining room, they were equal (see table 1). At such times, 
constriction or dilatation in response to various extraneous disturbance- 


TABLES 1-4 


Ratios of sizes of contralateral to homolateral pupils 


TABLE 1 


In ordinary light. Average ratio 1.08 


DAYs* 


TABLE 2 


Stimulation of eye on side of lesion. Average ratio 1.01 


1.0 
0 


might or might not bring out inequality, but these variations were not con- 
sidered in making the records of pupillary size. 

The light reflexes were tested by flashing a small pocket flashlight directly 
before the eyes and at a distance of about two inches. Records were kept 
of the sizes maintained by the pupils while being stimulated, and from 
these figures the ratios in tables 2, 3 and 4 were derived. In order to com- 
pare the results of the entire series of light reflex tests as a whole, the ratios 
in each table were averaged. In the ordinarily lighted examining room, 
the average size ratio of the pupils on the sides contralateral to the lesions 
to those homolateral with the lesions was 1.08 (table 1). Under stimula- 
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CAT 
1 2 3 4 5 6 7 8 9 0 | 1 12} 13 | 14] 15 
l 10 1.0) 1.6) 1.3 12 
2 1.0/1.0 
3 10 O8 0812310:09 
10/]1.0 10 1.1 | 1.0) 1.0' 1.0 11 10 
5 1.2 1911201129 1.3 
67 1.6 13 
7t 10 101101128 10 10 
15 1.6) 1.0 1.2 
2 1.0 1.5 | 1.2 
3 13 1.0 13 10 O8 10:11 
4 1.0 13 1.1/1.0 10 
5 1.2 12 1.4 2 11 
6 08 1 0 
7 1.0 1.0 
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tion of the homolateral eyes, the ratio dropped to 1.01, showing that the 
contralateral pupils constricted more than the homolateral (table 2). In 
general, therefore, the consensual response of the contralateral pupil was 
greater than the direct response of the homolateral pupil. With simul- 
taneous stimulation of both eyes only a slight further drop in the ratio was 
obtained, the average becoming 1.006 (table 3). This small decrease in 
the ratio is sufficient to indicate that the consensual response of the pupil 
contralateral to the lesion was less than its direct response, since the contra- 
lateral pupil more nearly approached the size of the homolateral under 


TABLE 3 


Stimulation of both eyes simultaneously. Average rativ 1.006 


0 13 
1.0/0.8 2 
1.3/1.0 


TABLE 4 


contralateral eye. Average ratio 0.99 


0 06 


* Days after operation. 
t Cats 6 and 7 had bilateral lesions. Ratios of left pupil to right are given for 
these animals. 


combined direct and consensual stimulation than it did under consensual 
stimulation alone. Upon stimulation of the contralateral eye alone the 
average ratio of contralateral to homolateral pupil fell to 0.99 (table 4). In 
other words, the contralateral pupil actually became smaller than the 
homolateral one. The difference between contralateral and homolateral 
response may be due to heightened activity of the contralateral pupil or to 
diminution in the activity of the homolateral one. Although the number 
of experiments in the series was not sufficient to determine the actual 
amount of impairment of the direct and consensual responses of the homo- 
lateral and contralateral pupils, it appears that in general the homolateral 
pupil was less responsive to light than was the contralateral. As men- 


7 
3 09 1.2 
1 0 1 0 
5 1.0 1 0 1 0 1.0 
6 08 
7 0 7 10 10 10 
10 1] 101010 
2 0.8 1010.71 18 } 
3 0.7 07 07 06 
10 10 1.0 
5 1.0 0.9 0.8 10 10 
6 0.5 06 
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tioned above, the pupils of certain of the operated cats on some days were 
equal in ordinary light. At such times, bilateral stimulation with the 
flashlight often brought out inequalities (compare tables 1 and 2 

Reflex dilatation. The responses elicited from cats with unequal pupils 
by painful stimuli, such as pinching the tail, were variaple. In some cases 
the smaller pupil, which was usually the one on the side of the lesion, 
showed the greater dilatation, occasionally expanding to such an extent 
that it became larger than the contralateral pupil. More frequently the 


Fig. 1. Outline drawings of the caudal aspects of the cerebral hemispheres of cats | 
to 7, and the lateral aspects of the left and right hemispheres of cat 7. Lesions in 
solid black. Lat: Lateral gyrus and sulcus; pLat: Posterior lateral gyrus and sulcus; 
pSs: Posterior suprasylvian gyrus and sulcus; pEct: Posterior ectosylvian gyrus; 
Pyr: Pyriform lobe; Rhn: Rhinal fissure. 


larger pupil showed the stronger dilatation, increasing the inequality. On 
the days when the pupils of an operated cat were equal under ordinary 
lighting conditions, painful stimuli frequently caused the contralateral 
pupil to dilate farther than the homolateral. 

Hippus was frequently but inconsistently observed, with variable rates 
of alternate constriction and dilatation. Stimulation with the flashlight 
at times seemed to increase the incidence of hippus, but often had no such 
effect. In an attempt to determine whether or not movements of the or- 


(os 
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bit or changes in the direction or strength of light stimuli were factors in 
the production of hippus, an apparatus was devised by which light stimuli 
could be delivered to the eyes from different angles. The cat was tied to 
an animal board and its head was immobilized with a clamp. A smal! 
electric bulb was mounted in a socket six inches directly in front of the eat, 
and three others at a distance of four feet, one straight ahead and thy 
others at approximately thirty degree angles to right and left. It was 
found, however, that the lights flashing from various directions failed to 
command the cat’s attention sufficiently to cause him to turn his eyes. 

Location of the lesions. From the diagrams of the cortical lesions (fig. 1 
it is apparent that the inequality of the pupils was brought about by re- 
moval of a small area of cortex at the lower end of the posterior lateral 
sulcus. The most consistent result was obtained in cat 5, in which pupil- 
lary inequality appeared at nearly every examination. Inequality was 
seen also in nearly every observation of the pupils of cat 1, but in this ani- 
mal the homolateral pupil was occasionally the larger. When the injury 
was placed too far dorsally, as in cat 2, or too far laterally, as in cats 3 and 
4, less convincing results were obtained. In cat 6, which had bilateral 
lesions, the left pupil was larger, indicating that the essential area had 
been removed on the right side only. In cat 7 sluggish pupillary reflexes 
and hippus showed that the bilateral lesions had affected the pupils of both 
eyes, but there was no inequality. Apparently the pupillary areas had 
been removed from both hemispheres and the two pupils had been equally 
affected. 

Discussion. Fulton and Keller (4) observed pupillary inequality fol- 
lowing experimental hemidecortication of a monkey. In three of the ex- 
periments of Fulton, Liddell, and Rioch with the monkey (5) it was found 
after removal of the cerebellum and subsequent hemidecortication that the 
pupil on the side opposite the cortical lesion was larger. Inequality 
brought out by strong light was seen in the pupils of a hemidecorticate dog 
by Mettler and Culler (6), and these authors found the pupils of a com- 
pletely decorticated dog equal but distinctly mydriatic (7). Of the two 
hemidecorticate cats described by Schaltenbrand and Cobb (8) one 
showed inequality, with the larger pupil contralateral to the lesion. The 
other had equal pupils, but considerable remnants of occipital and frontal 
cortex were unharmed. 

Relative increase in size of the contralateral pupil following hemide- 
cortication has been seen in three cats in our laboratory (9), but the in- 
equality in these cases is neither as pronounced nor as constant as that 
which results from restricted occipital lesions. Ferraro and Barrera (10) 
report equal pupils after hemidecortication (monkeys), and inequality 
after unilateral occipital lobectomy. However, these authors found the 
larger pupil on the same side as the lesion. 
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By electrical stimulation of a small area near the lower end of the p 
terior lateral suleus Barris (3) obtained bilaterally equal constriction of t 
pupils of the eat. A small fiber tract was traced by the Marchi metho 
from this pupillo-constrictor area to the pretectal nucleus (3 That the 
pretectal nucleus is an integral part of the subcortical or direct pupillo- 
constrictor pathway was shown in the experiments of Ranson and Magoun 
(11) and’ Magoun and Ranson (12). Hare, Magoun, and Ranson (13 
obtained pupillary constriction by stimulation of the cortico-pretectal 
fibers at various subcortical points. The reasonably consistent occurrence 
of pupillary inequality in the six cats of the present group which had 
properly placed unilateral lesions indicates that the cortical pupillo-con- 
strictor area in the lower part of the posterior lateral gyrus is concerned in 
the maintenance of the size of the pupils. The appropriate impulses may 
reach the oculomotor nucleus by way of cortico-pretectal and pretecto- 
oculomotor tracts. 


CONCLUSIONS 


1. Unilateral removal of the cortical pupillo-constrictor area at the 


lower end of the posterior lateral gyrus in six cats resulted in inequality of 


the pupils, the pupil on the side opposite the lesion usually being wider 

2. The pupil on the side contralateral to the lesion was more responsive 
to light and to painful stimuli than was the homolateral pupil 

3. The size of the pupil is probably influenced by the occipital cortex 
through a cortico-pretectal tract. 
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Many investigators have observed a decrease in red cell fragility (in- 
crease in red cell resistance to hypotonic solutions) after splenectomy (see 
Pearce, Krumbhaar and Frazier, 1918; Gordon and Kleinberg, 1937). It 
is with the reason for the change in fragility that this paper is concerned. 


The volume, V, reached by ared cell in a very large volume of a medium of tonicity 
T, is 


V = RW(1/T — 1) + 100 (1) 


where V is expressed as a percentage of V., the initial volume of the cell in an isotonic 
medium, and where the tonicity, 7’, is defined as the ratio of the depression of freezing 
point of the hypotonic medium to the depression of freezing point of the plasma 
normally bathing the cells. F is a constant which expresses the extent to which the 
cell behaves as a ‘‘ perfect osmometer,’’ and W is the amount of water in the cell, as a 
percentage by volume. 

Lysis of any cell occurs when the cell reaches a certain critical volume, V., where 


(2) 


C being another constant which is primarily a function of the shape of the cell. The 
relation arises because the increase in cell volume in a hypotonic medium is accom- 
panied by a change in cell shape, the form becoming progressively nearer to that of a 
sphere, and the surface remaining unstretched; the extent to which the volume can 
increase by means of this shape change and without an increase in surface area thus 
depends on how far removed from a sphere the cell is initially, and so the flatter cells 
have a greater critical volume than those for which the length/thickness ratio is smal] 
There is evidence, however, that under certain circumstances the critical volume is 
reached before the cell has become a sphere with a surface the same as that of the 
original disc, and that the membrane becomes permeable to pigment before that 
point at which it would be subject to actual stretch. Thus the critical volume of the 
rabbit red cell is greater in hypotonic plasma than it is in hypotonic NaCl (Ponder 
and Robinson, 1934), and it seems that the nature of the medium has some influence 
on the critical volume, probably because of an effect on the constitution of the cell 
envelope. (For further details of these osmotic relations, see Ponder, 1935a, b; and 
Ponder, 1937.) 
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The decreased fragility, or increased resistance, observed after splenec- 
tomy by Gordon and Kleinberg might accordingly be due to a, a diminu- 
tion in the depression of freezing point of the plasma in the case of the 
operated animals; b, a decrease in the amount of water in the cells; ¢, 
decrease in the value of R, or d, an increase in the critical volume, V-. We 
shall consider these factors seriatim. 

a. Freezing point of serum. That the increased resistance observed in 
hypotonic NaCl solutions after splenectomy is not due to the depression of 
freezing point of the serum being less than it is in the normal guinea pig 
can be shown by making actual freezing point determinations, or by show- 
ing that there is a similar increase in resistance after splenectomy when the 
resistance measurements are made in hypotonic serum, prepared from the 
animal’s own blood. It is sufficient to say that determinations of the A 
for the serum from defibrinated blood (Johlin’s method, 1931) gave an 
average figure equivalent to 0.966 per cent NaCl in the case of 5 control 
guinea pigs, and an equivalent of 0.954 per cent NaCl in the case of 5 ani- 
mals 6 weeks after splenectomy, when the increase in red cell resistance is 
at its peak. The difference is not significant. Determinations of resist- 
ance in hypotonic serum, moreover, showed the same increase after 
splenectomy as is observed in hypotonic NaCl, lysis beginning about 0.1 
tonicity unit less in the case of the operated animals 6 weeks after removal 
of the spleen. About the same difference was found if 50 per cent or 100 
per cent hemolysis was used as the criterion. 

b. Water content. The water content of the cells of splenectomized 
guinea pigs does not differ significantly from that of the cells of control 
animals. The average found for 5 controls was 66.82 per cent, and that 
for 5 splenectomized animals, 6 weeks after the operation, 66.72 per cent. 
The increased resistance cannot be attributed to a difference in water con- 
tent. 

c,d. R-values and values for critical volume. These determinations were 
made in the following way. A series of tubes, each containing 2 cc. of 
serum of various tonicities, is prepared, one tube containing undiluted 
serum (T = 1.0), and the others containing tonicities from about 0.6 to 
about 0.4, decreasing by steps of 0.02 tonicity unit. To each is added a 
drop of blood (weight about 80 mgm.), and the tubes are allowed to stand 
for 60 minutes at 25°C. At the end of this time, the tube showing just 
commencing hemolysis is selected, and the cells are thrown down by gentle 
centrifuging. Some of the supernatant fluid is transferred to a watch 
glass, and a few milligrams of lecithin are emulsified in it by rubbing. 
Nearly all the rest of the supernatant fluid is discarded, and the cells are 
re-suspended in the few drops which remain; a small droplet of this sus- 
pension is then added to a small droplet of the lecithinated serum on a 
slide, and covered with a coverglass. Inspection of the cells with the 
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microscope should show them to be spherical, and the mean volume of th: 
spheres can be measured diffractometrically in the usual way (see Ponder, 
1933). This gives the critical volume for commencing lysis. Similar 
treatment of the cells from the tube containing isotonic serum gives the 
initial volume of the cells. The tonicity in which lysis begins being known, 
the value of R can be calculated from expression (1), the water content, 
W, being taken as 67 per cent. 

Such determinations show conclusively that the critical volume for com- 
mencing lysis is considerably larger (147 per cent) for the red cells of ani- 
mals 6 weeks after splenectomy than it is for control animals (133 per cent), 
and representative results are shown in table 1. 

The factors which underlie this change in the critical volume are as yet 
obscure, and the only known instance of a similar occurrence is in the case 


TABLE 1 


NUMBER INITIAL VOLUME, uw? | CRITICAL VOLUME, w® CRITICAL TONICITY 


Controls 
102 
102 
102 
105 


Splenectomized 


115 04 
113 0 
123 : 0 
113 0.47 


of the rabbit red cell, which hemolyses at a critical volume of about 135 per 
cent when immersed in hypotonic NaCl, but at about 150 per cent when 
immersed in hypotonic serum (Ponder and Robinson, 1934). The differ- 
ence is presumably associated with the different physico-chemical condi- 
tions which prevail at the red cell surface, and it is safe to attribute the 
increase in critical volume after splenectomy to changes in the structure 
and properties of the cell membrane, whatever these changes may be. The 
fact that the resistance of the cell to taurocholate hemolysis is increased 
after splenectomy (Gordon and Kleinberg, 1937) points to the same con- 
clusion. Whether a function of the spleen is to regulate the structure of 
the red cells as they are produced from the marrow (the length/thickness 
ratio, for example), or whether in the absence of the spleen the circulating 
cells are no longer subjected to the action of some lytic substance normally 
present, are points which must be left open in the meantime. 


R-VALUE 

76 0 50 0.51 

3 76 0 48 0 48 

3 77 0 50 0.51 

4 80 0.48 0.49 

| 78 

2 77 

3 83 

4 77 
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SUMMARY 


The decreased fragility (increased resistance to hypotonic media) of the 
red cells of guinea pigs after splenectomy is due to the cells being able to 


attain a greater critical volume for hemolysis than do the cells of the nor- 
mal animal. The removal of the spleen is accordingly followed by 
modification in the structure of the red cell envelope. 
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There have been several reports concerning the effects of oestrin on 
the cytology (20, 26) and gonad stimulating potency (5, 16) of the an- 
terior lobe of the pituitary of spayed rats. Since theelin (7) and dihydro- 
theelin (13, 14, 17, 18, 25) are now available in crystalline form, it seemed 
that their use in metabolism studies might give data which would be of 
value. 

This report is concerned with the “in vitro” and “in vivo” effects oi 
theelin and dihydrotheelin on the respiration of the anterior hypophysi- 
of spayed rats. Of the three tissues studied, namely, anterior hypophysis, 
liver and kidney, only the first is affected by these substances. Similan 
“in vitro” experiments with I-thyroxin showed that this substance did not 
stimulate the respiration of any of these tissues. 

MaTERIAL. Animals. All the rats were spayed at 60 to 62 days 
Their breed, care and diet have been described by Andersen and Kennedy, 
1932 (2). The “in vivo” effects of theelin or dihydrotheelin were studied 
upon rats 98 to 103 days old. The effect of addition of the hormones ‘in 
vitro”’ was studied on the tissues of animals varying up to 170 days in 
age. Such variation in the age of the animals did not seem to influence 
the effect of the hormones under these conditions. All the animals were 
autopsied. Only those free of infection are reported in these experiments. 
Previous studies have shown that infection in an animal may result in a 
considerable increase in the respiratory rate and R.Q. of liver (23). 

Hormones. The theelin, m.p. 225° corrected, was prepared from mare’s 
urine. It was probably slightly contaminated with equilinin. Dihydro- 
theelin, m.p. 173° uncorrected, was prepared by catalytic reduction of 
theelin. This preparation was the lower melting point isomer that occurs 
in follicular fluid (13, 14). The theelin and dihydrotheelin were kindly 
supplied by Dr. Oskar Wintersteiner. The ]-thyroxin (a),) = —4.4, 
was isolated from fresh thyroid glands and crystallized by Dr. G. L. 
Foster (10). We wish to express our gratitude to them for their generous 


supply of these substances and for their advice regarding the preparation 
of aqueous solutions. 
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were dissolved by heating in 0.2 ec. of 2N NaOH. They were diluted ir 
Ringer’s solution containing 0.9 per cent NaCl, 0.023 per cent CaC! 
and 0.022 per cent KCl. The excess alkali was neutralized with 2N 
HC! so that the final pH was 7.4. This hydrogen ion concentration was 
maintained by the addition of phosphate buffer pH 7.4, 10 mgm. P per 
100 ec. The phosphate was added just before the tissues were studied 
The final concentration of theelin was 0.01 mgm. per 1 cc.; that of dihy- 


The theelin or dihydrotheelin, in about 0.5 to 1.0 mgm. quantities, 


drotheelin was 0.02 mgm. per cc. According to Biskind (4), 1 ra, as 
defined by Allen and Doisy, of theelin is equal to 0.3y, while, according to 
MacCorquodale, Thayer and Doisy (13) dihydrotheelin has 6 times the 
potency of theelin. The theelin preparations, as outlined above, resulted 
in watery clear solutions, but on standing for about } hour the solution 
became cloudy and a precipitate formed. The dihydrotheelin remained 
in solution for the day. However, the solutions were employed immedi- 
ately after their preparation. 

The |-thyroxin was dissolved in about 0.5 mgm. quantities in 2 ec. oi 
0.2 N NaOH. It was diluted in Ringer’s solution and the excess alkali 
neutralized with 0.2N HCl to a final pH of 7.4. Phosphate buffer of 
the same pH, containing 10 mgm. P per 100 cc., was added to this. The 
final concentration of the hormone mixture was 0.03 mgm. I|-thyroxin 
per cubic centimeter. The total dosage employed by Foster et al. (10 
to produce a 40 per cent increase in the B.M.R. of the guinea pig was 
about 0.02 mgm. per 100 grams. At pH 7.4, the solution became faintly 
cloudy, due to a very fine precipitate, presumably thyroxin. All the 
thyroxin solutions were prepared immediately before the experiment 

In all experiments the control Ringer’s solution was prepared in exactly 
the same way as the experimental solution containing the hormones. The 
same quantity of alkali, NaOH, was diluted with stock Ringer’s solution, 
0.9 per cent NaCl, 0.23 per cent CaCl, and 0.022 per cent KCl, to the 
same volume as the Ringer’s solution employed for diluting the hormone 
Then the excess alkali was neutralized with HCl to pH 7.4. Phosphate 
buffer pH 7.4 was added to the Ringer’s solution to make a concentration 
of 10 mgm. P per 100 ce. 

The increased rate of oxygen consumption of the anterior pituitary produced 
“in vitro” by the addition of theelin or dihydrotheelin in Ringer’s solution. 
The effect of the “in vitro” addition of theelin or dihydrotheelin to the 
anterior pituitary was studied in two ways. In the first, the respiratory 
rates of different portions of the same anterior pituitary, derived from the 
same animal, were measured in Ringer’s solution, in the presence or ab- 
sence of the hormones. The second method was to measure the metab- 
olism of anterior pituitary tissue in Ringer’s solution and then add the 
hormones to the same tissue and solution. 
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To study the effects of theelin on various portions of the same anterior 
lobe of a pituitary a respirometer was employed, which could measure the 
respiratory rate of less than 1 mgm. of tissue (21). The anterior lobe was 
sliced into pieces 0.2 to 0.3 mm. in thickness and divided among 4 to 6 
respirometers. Each respirometer chamber contained 0.04 cc. of solution. 
In 2 or 3, depending upon whether the observations were run in duplicate 
or triplicate, the solution contained 0.4y of theelin, equivalent to about 
1 r.u. (4). The other 2 or 3 respirometers contained the control Ringer’s 
solution. The methods for preparing, weighing and measuring the 
metabolism of the anterior pituitary have been described (22). About 
30 minutes elapsed between the time the tissues were placed in the respiro- 
meters and the first reading. In the absence of tissue no oxidation of 
theelin occurred. 


TABLE 1 
Comparisons of portions of the same anterior pituitaries in Ringer's solution and 
Ringer’s solution containing theelin 


O, consumption; emm./gm./min. 


0.04 cc. RINGER'S SOLUTION 0.4 y THEELIN IN 0.04 cC. RINGER'S SOLUTION 


10. 16.5 
10 14.6 
9.6 10.6 
10 11 
10. § 16 
14.§ 16. 
10 14 


Mean 11 


The results of 7 sets of experiments on 7 anterior pituitaries are recorded 
in table 1. The numbers represent average rate of O. consumption for a 
2 hour period. Only the averages of each set of duplicates or triplicates 
are listed. These results represent the observations gathered from 36 
respirometers, 18 containing theelin and 18 controls. In every case the 
anterior lobe tissue in the theelin-Ringer solution showed increased 
respiratory rates. Since the metabolism remained constant for 2 hours 
it is obvious that the hormone was effective over this period. However, 
individual pituitaries had considerable variability in the degree of the 
respiratory increase. The mean increase was 31 per cent. 

Another method for studying the effects of theelin or dihydrotheelin 
upon the anterior lobe tissue was to add the hormone-Ringer solution to 
the tissue following a period of about 1 hour in control Ringer’s solution. 
To do this large quantities of tissue were required, because respirometers 
of a different type (8) were necessary. The anterior lobes of 3 to 5 rat 
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pituitaries were pooled. The tissues were sliced and placed in the respiro- 
meter chamber in 0.5 cc. of Ringer’s solution. The moist weight of the 
tissue ranged from 20 to 50 mgm.; weighing was performed on a Roller- 
Smith torsion balance to 0.2 mgm. with the usual precautions for removal! 


TABLE 2 
In vitro effect of theelin and dihydrotheelin on re spiratory rate of anterior 


ANIMALS Oe CONSUMPTION 
O2 CON- 


SUMPTION 
Number ¢9 MINUTES GAMMA IN 1.0 cc. OF RINGER'S After addition of hormone, minute 


Age em- BEFORE 
ployed 30 


cmm 
gm 
min mir 


133 3 Theelin 13.6 | 15.0 
133 ‘ 1] 6 Theelin 13.0 
138-150 9 Theelin 10.4 10.7 
170-177 12.§ 10 Theelin 12.0 | 14.7 
139-145 ; 13 10 D.H. Theelin 12.7 16.0 
135-1389 : f 10 D.H. Theelin 16.8 17.8 
154 I Ge 10 D.H. Theelin 14:0 | 12.6 
150 10 D.H. Theelin 14.0 13.0 


cmm./gm. 
main. 


days 


Mean 12.3 13.6 14.1 
Control—pituitary (see text) 


Controls—liver 


6 Theelin 

10 D.H. Theelin 
10 D.H. Theelin 
10 D.H. Theelin 
10 D.H. Theelin 
10 D.H. Theelin 
10 D.H. Theelin 


Control—kidney 


6 Theelin 


of excess fluid and prevention of evaporation (23). In a side-arm of the 
respirometer was 0.5 cc. of the theelin or dihydrotheelin Ringer solu- 
tion. The quantities of hormone employed in each experiment are indi- 
cated in table 2. Alkali, 0.2 N NaOH, in another side-arm, absorbed the 
CO, produced during the experimental period. The first readings were 


pituitary, 
97 9 5 
10.3 27 | 3.2 
11.9 
10.3 
15.1 13.5 
11.5 
10.4 
103 3 12.9 0 13.1 | 13.0 
133 ] 16.3 13.1 10.4 
154 8.8 7.6 7.3 7.2 
154 1 11.0 9 0 78 6 6 
154 1 8.5 78 7.6 
150 1 15.6 13.5 | 11.5 9.0 
150 1 9.2 8.0 6.2 6.4 
150 ] 6.0 §.5 
Mean 10.8 9 2 7.4 7-2 
133 50.7 42.1 36.4 
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started 20 minutes after the respirometers were placed in the water bath. 
About 1 hour after the initial reading, during which the base line was 
established, the hormone containing Ringer’s solution was added to the 
tissue and Ringer’s solution. Control experiments were performed by 
adding the control Ringer’s solution described above to anterior pituitary 
immersed in the stock Ringer’s solution. 

Attempts were made to see whether the effect of the hormones was 
specific for anterior pituitary tissue. In these experiments, liver or kid- 
ney of the same animals from which the pituitary was taken were exposed 
to the hormones under the same conditions as the pituitary. 

In table 2 are listed the individual data. Every set of observations 
showed an increase in the rate of oxygen consumption of the anterior 
pituitaries following the addition of theelin or dihydrotheelin. In all 
experiments the increase occurred within 1 hour, in 4 of 8 experiments 
within 30 minutes. It is probably significant that the mean percentage 
increase at the end of an hour was about 15, while the mean percentage 
increase observed when the hormone was immediately added was 31. 
This may be due to the fact that the tissue, immediately after removal 
from the body, was in a “fresher” state and probably more responsive. 

The experiments in which control Ringer was added to anterior pituitary 
in stock Ringer solution showed no changes due to the addition of the 
control Ringer. The liver and kidney controls showed a slight depression 
of metabolism following the addition of the hormone containing solutions. 
Whether the decrease is directly due to the addition of the hormones can- 
not be stated, but the result is significant mainly because the change was 
not like that occurring in the anterior pituitary. 

In the dosage employed the effect of the hormones on the respiratory 
rate of the anterior pituitary was independent of the hormone concentra- 
tion. The greater increase in the first series of experiments (table 1) 
could scarcely have been due to the relatively greater quantity of hormone 
employed as compared with the present series (table 2). In the first series 
0.4y of theelin in 40 emm. of Ringer bathed 0.5 to 1 mgm. of pituitary, 
the ratio of theelin to tissue weight being 4-8 X 10-*. The ratio of 
theelin or dihydrotheelin to tissue in the present series, derived from the 
proportionate weight of theelin or dihydrotheelin, 3-107 to 20-50 mgm. of 
tissue was 6 X 10-' to 5 X 10-4. In other words, the ratios of hormone 
concentration to tissue weights in both series were of the same order. 
Although these results do not show any quantitative relationship between 
the concentration or quantity of hormone and its metabolic effect on the 
anterior pituitary it cannot be stated that such a relationship may not 
be present. It is possible that all the concentrations employed in these 
experiments exceeded the minimum dose for maximum response for 
increasing the metabolism of the anterior pituitary. There is consider- 


STIMULATION OF HYPOPHYSIS METABOLISM BY THEELIN 59 


able evidence that there are various hormone thresholds for various 
effects (1). Fevold, Hisaw, and Greep (9) found that the minimum dose 
of oestrin for maximum response, stimulating the production of luteiniz- 
ing hormone of the pituitary, was 0.5 rat unit which would be equivalent 
to 0.2y of theelin per rat. Even if all of this theelin acted on the anterior 
pituitary, the ratio of hormone to tissue weight would be considerably 
less than that employed in the present experiments. Whether or not 
the increased oxidation by the tissue following the addition of the hor- 
mones is due to oxidation of the hormones is not indicated by these experi- 
ments. 

The absence of stimulation of the metabolism of anterior pituitary, liver, 
or kidney following the “‘in vitro” addition of l-thyroxin. Since theelin and 
dihydrotheelin increase the respiratory rate of the anterior pituitary, but 
not that of liver or kidney it seemed of interest to study the effects of a 
hormone known to stimulate the metabolism of tissues “in vivo,”’ namely, 
thyroxin. The literature with regard to the stimulating action of thy- 
roxin on excised tissue has recently been reviewed by MacKachern (15). 
None of the tissues studied were stimulated in vitro except the limulus 
heart which required about 20 hours of exposure (5). However, the an- 
terior pituitary was not examined. Recently Foster, Palmer and Leland 
(10) have found that the activity of racemic thyroxin depends entirely 
on its content of the laevo form. For this reason |-thyroxin was used in 
experiments to be described. 

The procedure with ]-thyroxin was similar to that described in the 
theelin and dihydrotheelin experiments. The anterior lobes of three 
pituitaries were pooled. After a preliminary hour period to determine the 
base line of oxygen consumption, the |-thyroxin-Ringer solution was 
added from a side arm to the tissue in control Ringer solution. Liver 
and kidney from the same animals were studied in the same way. The 
final concentration of l-thyroxin was 15y in | ce. 

The results are recorded in table 3. Within 90 minutes after the addi- 
tion of thyroxin there were no increases in the respiratory rate of anterior 
pituitary, liver or kidney. 

The increased respiratory rate of the anterior pituitary following the 
intraperitoneal injection of dihydrotheelin. About thirty r.u., 4y, (13) of 
dihydrotheelin in Ringer solution were injected intraperitoneally into 
spayed rats 98 to 103 days old. At various intervals, up to 12 hours, 
after the administration of the hormone the animals were sacrificed by a 
blow on the head. The respiratory and glycolytic rates of the anterior 
lobe, and the respiratory rate and quotients of liver and kidney, were 
studied at one hour, thereafter only the respiratory rates were studied. 
The method employed for measuring the pituitary metabolism is described 
elsewhere (22). The R.Q. of liver and kidney were measured with a 
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differential volumeter (24). The pituitary, liver and kidney from each 
rat were studied. 

The individual data are recorded in table 4. The arithmetic means, 
standard deviations, and the probable errors of the means are presented 
in table 5. In table 6 are listed the differences of the means and their 
probable errors. When the difference is more than 3 times its probable 
error, it is italicized. It was not necessary to calculate the statistical 


TABLE 3 


In vitro effect of l-thyroxin on respiratory rate of anterior pituitary 


ANIMALS O: CONSUMPTION 


Minutes after addition of 15 y l-thyroxin in 1 ce. of 
Before addition, Ringer's solution 


Age Number 60 minutes 


30 60 90 
days cmm, gm. min. emm./gqm./min, cmm. gm. min. cmm, gm. min 
107 ‘ 12.4 12.6 
107 K 6.6 5.6 4 
102 ‘ 12.8 11.3 10 
101 ¢ 14.2 13.8 


Mean 11.5 10.3 


Controls—liver 


107 11.3 1 
107 14.5 13 
102 15.9 14.- 
102 16.2 | 13 


Mean 14.4 13.2 
Controls—kidney 


107 53.7 
102 44.1 
101 48.6 


Mean 48.8 


significance of the difference in liver metabolism since the arithmetic 
means at various intervals after the hormone administration did not differ 
by more than 2 per cent. 

The results show that there was no increase in respiratory rate of any 
of the tissues studied with the exception of the anterior pituitary. The 
metabolism of all the tissues was compared with that of a control series 
of untreated spayed rats reported elsewhere (22, 23). The control data 
are included in table 5. In the anterior lobe no increase was found until 


9.2 10.8 
) &.9 
$ 13.2 11.5 
13.0 
44.3 32.5 
37.5 29.0 
33.3 
39.8 31.6 
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TABLE 4 
Metabolic effect of intraperitoneal injection of 4 gamma ov, 


Rates expressed as cmm./gm./min 
PITUITARY LIVER 


CO: = glycolysis 
O: consum p- 


O: msumption 
tion 


Aerobic | Anaerobic 
1 hour 


14 
14.5 
11 
11.% 
13.3 


Nt 


3 hours 


12.6 
11 
12 
13.£ 
13. 4 
16 


6 hours 


14.2 
14.4 
13.0 
11.8 


10.7 
15.3 


1Z hours 


12.4 

11.6 

, 14.6 
9 14.7 
14 15.0 
10 13.0 


6 hours after injection. The statistical significance of this change is 
obvious, the ratio of the difference to its probable error being 8.2. Twelve 
hours after the administration of the hormone the metabolism had 
returned to a level not significantly different from the control. 


16] 
13.6 6.6 28.6 0 i188 (). 82 
10.2 5.9 17.9 0 44.0 0.94 
8.7 3.6 14.7 0 18.7 0 86 
10.2 1.0 16.4 0 51.4 1.01 
8.6 1.2 | 0.04 44.2 1. 02 
12.5 2.8 14.3 11.4 0.77 51.1 0.89 
11.7 11.6 54.0 
4.2 65.0 
9.5 16.5 $5. 1 
10.7 15.7 63.6 
12.7 54.3 
49.5 
10.4 55.0 
15.0 
11.2 72.0 
13.0 66.3 
17.6 54.2 
16.7 51.1 
18.0 43.4 
14.0 18.7 
17.6 50.0 
13.5 16.6 
16.4 
18.2 
57.3 
51.3 
55.3 
{ 
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Discussion. Comparison of cytological, gonad stimulating potency and 
metabolism changes of the anterior pituitary of spayed rats following injectio: 
of theelin or dihydrotheelin. Spaying results in the appearance of castra- 
tion cells and a marked increase in the number of granular basophils (19 
in the anterior pituitary of the rat. That these cytological effects may 
be reversed to the normal picture by the injection of gonad material (19 
and oestrogenic substances has been shown repeatedly (20, 26, 27). In 


TABLE 5 
Mean respiratory rates of tissues at var/ous intervals after the intraperitoneal injection 


of 4 gamma dihydrotieelin 


ANTERIOR PITUITARY 

LIVER, CONSUMPTION KIDNEY, CONSUMPTION 
HOURS 

Standar Standard Standard 

andard andard tandard 

deviation deviation deviatior 


gr cmm./qm cmm./qn 
cmm. qm nin cmm,. gm./mtn.,. 
main. mon 


10.8 4 13.3 +0. 36 19.6 +1.2: 
10.2 13.4 52.6 +1.4/ 6 
11.6 4 57.9 +2.6 8 
16.2 13.2 49.0) +1.02 3 


11.6 f 13.6 51.2 +1.23 


6 
7 
7 


TABLE 6 
Differences of mean rates of oxygen consumption of tissues at various intervals after the 


intraperitoneal injection of 4 gamma dihydrotheelin 
Significant differences italicized 


COMPARISON ANTERIOR PITUITARY LIVER KIDNEY 


WITH 


UNTREATED Diff. Diff. Diff. 
erence ) ce Vifference 
RATS Difference Diff. Difference PE. Diff. Difference PE. Diff 


cmm./gm. cmm./qm,. cmm./am cmm.jgm 
cmm./gm./min 
min. mtn. min mtn. 


1 0.6 +0.45 3 0:3 3.0 +1.9 1.6 
3 0.8 +0.72 l 0.0 8.3 +2.9 2.8 
6 5.4 +0.66 8.2 0.1 0.6 +1.6 0.3 
12 0.8 +0.61 a 0.3 1.6 +1.8 0.9 


hours emm./gm./min. 


the anterior pituitary of the rat, cytological changes, as evidenced by a 
decrease in the percentage of granular basophils (approximately a 50 per 
cent change) and an increase in non-granular basophils, occurs 24 hours 
after injection of 10 r.u. of oestrin (26). A single intraperitoneal injection 
of 30 r.u. of dihydrotheelin produces a rise in anterior pituitary metabolism 
that returns to the normal level within 12 hours. Since a dose of 200 r.u. 
of oestrin does not produce a cytological change significantly different from 


6 
12 
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10 r.u. in 24 hours (26) a comparison of the effects of 10 r.u. with 30 r.u 
not amiss. From such a comparison it seems that the metabolic increase 
in the anterior pituitary of spayed rats is associated with degranulation 
of basophils. 

In addition to producing cytological changes spaying increases the gonad 
stimulating potency of the anterior pituitary. Meyer, Leonard, Hisaw 
and Martin (16) found that after 31 daily injections of 4 r.u. of oil solubl 
oestrin, the gonad stimulating potency of the anterior pituitaries of adult 
spayed rats was decreased. On the other hand, Burch and Cunningham 
(5) concluded that 6 daily injections of 2 to 25 r.u. of folliculin into adult 
spayed rats increased the gonad stimulating potency of the anterior pitui- 
tary. The recent experiments of Fevold, Hisaw and Greep (9) indicate 
that the augmenting action of oestrin injection on the gonadotropi 
effect of F.S.H. in immature rats is lost when oestrin is injected for 8 
instead of 3 days. To these authors this loss of synergism suggests that 
excessive stimulation of the anterior pituitary by oestrin results in secre- 
tory exhaustion of this gland. Thus the discrepancy in results on the 
gonad stimulating effect of oestrin injection on the anterior pituitaries of 
spayed rats may have been due to the difference in the periods of oestrin 
injection. After 10 daily injections of 10 r.u. of oestrin into spayed or 
immature rats the proportion of the various cell types, especially the 
granular basophiles, in the anterior pituitary returns to the dioestrous level 
(26, 28). Since the cytological effects of oestrin injection are the same in 
spayed and immature rats, the limiting factor in the response of the an- 
terior pituitary to oestrin may be the number of available granules in the 
basophils. 

Whether an increase in the respiratory rate of the anterior pituitary i- 
specific for a specific type of functional alteration in the anterior pituitary 
cannot be stated. However, from comparisons of the cytologic (26), 
metabolic and gonad stimulating potency (5) changes in the anterior 
pituitary of spayed rats following administration of oestrogenic substances 
it appears that the heightened metabolism, degranulation of basophils 
and increased gonad stimulating activity or elaboration of luteinizing 
hormone (9) are related. 

Relation of the increased metabolism of the anterior pituitary of rats in 
various reproduction phases to the metabolic effects of theelin and dihydro- 
theelin. During the oestrous cycle the respiratory rate of the anterior 
pituitary is highest at prodestrus (22) being about 60 per cent higher than 
at dioestrus on the previous day. At parturition the mean respiratory 
rate of the anterior hypophysis increases over 60 per cent when compared 
with that on the 18th day of pregnancy (3), about three days before. 
Cytological studies (29, 30) show that the percentage of granular basophils 
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undergoes a marked decrease immediately following proédestrus in the 
rat and parturition in the guinea pig (11). Since, in the guinea pig, late 
pregnancy and other phases of reproduction are associated with cytolog- 
ical changes in the anterior lobe similar to those found in the rat, it is 
unlikely that the post-partum changes differ in the two species. Long and 
Evans (12) found that ovulation in the rat occurred about 24 hours after 
prodestrus or parturition. According to them the greatest rate of fol- 
licular growth in the rat occurred in proéestrus and oestrus. Since the 
interval between ovulation and parturition is the same as that between 
ovulation and proéestrus, it is likely that the greatest rate of follicular 
growth during pregnancy also occurs at parturition. Dihydrotheelin has 
been identified in follicular fluid (13, 14) and it is probable that its rate 
of secretion is greatest at the time of most rapid follicular growth. Since 
the metabolic effect of dihydrotheelin is very rapid, occurring within 
6 hours after intraperitoneal injection, the elevation of anterior pituitary 
metabolism at proédestrus and parturition may be due to the excess secre- 
tion of dihydrotheelin. The fall in the percentage of granular basophils 
following proéestrus and parturition may likewise be due to the rapid 
degranulation of basophils coincident with dihydrotheelin activity, since 
such cytological changes may be produced within 24 hours (26). 

In a previous report (3) it was stated that in different phases of repro- 
duction there was no correlation between the metabolism of the anterior 
lobe of the pituitary and its cytology. This statement was based on com- 
parisons between the elevated respiratory rates and the percentage of 
granular basophils in the anterior pituitary of rats in similar phases of 
reproduction. At prodestrus (22) and parturition (3) the metabolism and 
percentage (29, 30) of granular basophils are high. However, 6 weeks 
after spaying the metabolism is low (22), but the proportion of granular 
basophils is 3 to 10 times as high as at parturition or proéestrus respec- 
tively (29, 30). In view of the present experiments these apparent in- 
consistencies between metabolism and cytology may be explained. 

Dihydrotheelin or theelin increases the metabolism of the anterior 
pituitary of spayed rats. Odestrin decreases the number of granular baso- 
phils (26) and for a short time increases the gonadotropic activity (5, 9) 
of the anterior pituitary. Since spaying removes the ovary as a source of 
dihydrotheelin, the stimulus for degranulation of the basophils of the an- 
terior pituitary is either lost or diminished. Consequently basophilic 
granulation increases. During the oestrous cycle and at parturition the 
changes in the ovarian follicles, with corresponding changes in elabora- 
tion of dihydrotheelin, result in a liberation of gonadotropic hormone 
(L.H.) (9) with an increase in metabolism and the accompanying strue- 
tural change of degranulation of the basophils. 
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SUMMARY AND CONCLUSIONS 


The “in vitro” addition of theelin or dihydrotheelin to the anterior 
lobe of the pituitary of spayed rats resulted in an increased rate of oxygen 
consumption of the tissue within 1 hour. 

The intraperitoneal injection of an aqueous solution of 4y of dihydro- 
theelin into spayed rats resulted in an increased rate of oxygen consump- 
tion of the anterior pituitary within 6 hours. The respiratory rate re 
turned to the original level within 12 hours after the injection 

The specificity of this reaction of the anterior hypophysis to theelin or 
dihydrotheelin was shown by the fact that neither liver nor kidney react 


in the same manner under the same conditions. 

1l-Thyroxin addition “in vitro” to anterior pituitary, liver or kidney did 
not increase their respiratory rates. 

The respiratory increase of the anterior pituitary following the adminis- 
tration of theelin or dihydrotheelin suggests a mechanism responsible for 
the respiratory increase in this gland during the oestrous cycle and at 


parturition. 
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The control of maternal behavior in various vertebrates appears to in- 
volve nervous and hormonic factors. The rdle of the nervous system has 
been demonstrated in the pigeon (1) and in the cichlid fish (2). The 
center regulating parental activities might be the corpus striatum, sinc« 
lesions of the cortex had no effect on maternal instinct (1), but lesions of the 
striatum caused disturbances in breeding and parental behavior (1, 2) 


Various hormonic factors have been claimed to induce maternal in- 
stinct. The first experiments of Steinach (3) and Ceni (4) involved too 
many elements to permit definite conclusions, but Ehrhardt (10) in the 
female monkey, Wiesner and Sheard (5) in the female rat and McQueen 


Williams (6) in the male rat induced maternal instinct by injections of 
anterior pituitary extracts. The active factor in these extracts possibly 
was the lactogenic hormone, since Riddle, Bates and Lahr were able to 
produce brooding behavior in the fowl (7) and maternal activities in the 
rat (8) by injections of purified prolactin, their lactogenic preparation. 

McQueen Williams (6) also described the occurrence of maternal be- 
havior in the male rat after thyroidectomy. Such ‘‘maternalized” animals 
had less lactogenic hormone in their pituitaries than the normal controls, 
as shown by implantation over the crop gland of pigeons (9). This result 
was interpreted as a proof of a release of lactogenic hormone which would 
account for the development of maternal instinct after thyroidectomy. 

Noble, Kumpf and Billings (11), using the cichlid fish, were able to in- 
duce parental behavior not only with the lactogenic hormone (70 per cent 
positive results), but also with the corpus luteum hormone (100 per cent 
positive results). In light of the latter observation caution must be exer- 
cised in interpreting the results obtained with anterior pituitary extracts. 

In order to check the réle of the hypophysis, removal of this gland in 
maternal animals was planned. Allan and Wiles (12) had previously ob- 
served that nine female cats hypophysectomized towards the end of preg- 
nancy gave birth to normal young, but failed to take care of them, except 
in one instance in which young were taken care of for two days. 
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In a preliminary report it was noted that lactating mice continue to take 
care of their young after hypophysectomy (13). However, since in these 
lactating mice a fully developed parental instinct existed at the time of 
operation, its persistence might be explained by a nervous or psychologica! 
mechanism. Therefore our observations were continued and extended to 
virgin males and females. 

Tests for maternal instinct. Mice of Strong’s! inbred strains were used in 
this experiment. They were kept in cages measuring 12 by 6 by 6 inches. 
The cages had a wire cover so that the animal could be watched from out- 
side without being disturbed. The nest is usually built in one of the cor- 
ners away from the observer. Only one animal was kept in each cage. 

The test used for the mouse was similar to the tests used for the rat by 
Wiesner and Sheard (5) and Riddle et al. (8). A young mouse under six 
days of age was dropped in the cage in the part near the observer and left 
there for 5 minutes. Three reactions were noted and graded: a, the re- 
trieving of the young. Three degrees were considered: when the young 
was picked up and dropped anywhere in the cage, the retrieving was rated 
one. If the young was carried to the nest, it was rated two. If, after the 
young was taken to the nest, the mouse came back to the spot where the 
young had been dropped, the retrieving was rated three, since it has been 
observed that only very maternal animals (lactating females, for instance) 
showed this latter reaction; b, the nest-building activity happened fre- 

‘quently to be stimulated by the presence of the young. It was rated this 
way: one, when digging of the material in the bottom of the cage (shavings) 
was observed; two, when material was carried to the nest; and, three, the 
construction of a hollow nest, in which the young was put and completely 
covered; c, the care of the young: persistent licking continued for over 
sixty seconds was rated one, the sitting of the mouse on the nest until the 
end of the test was rated two. The arbitrary addition of the figures evalu- 
ating the reaction of maternal instinct gave us the “maternal index,” 
rating its intensity in a number from 1 to 8. This figure appeared to be 
helpful in this investigation. 

Hypophysectomy of lactating females. The tests effected on normal 
lactating females gave irregular results, unless their young were removed 
for some time before the test. Females tested in these conditions and 
having a maternal index of 4 or more were selected for hypophysectomy. 
The operation was usually performed from 2 to 3 days after parturition. 
In 8 of the operated females sections of the sellae showed that hypophysee- 
tomy had been complete. 

After the operation young were left with the experimental animals and 
maintained alive by daily exchanges with young of a normal mother. In 

1 The writers are happy to acknowledge Doctor Strong’s kindness in supplying us 
with the mice used in this study. 
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spite of the stimulus afforded by continuous suckling (14), the secretion of 
milk stopped after hypophysectomy. This was shown by the regular de- 
crease in weight of the young, left with the operated mother and the ab- 
sence of milk in their stomachs. 

In all of the animals a definite maternal instinct persisted after the 
operation. Weak in two animals, it was well marked in the others 

In the animals operated about 60 hours after parturition, a regular, but 
only temporary, decrease of the maternal index was observed following 
hypophysectomy (table 1). This was apparently due to the operative 
shock. However, in two animals operated soon after parturition, i.e 


TABLE 1 


Lactating females, hypophysectomized 


APPROXI- MILK IN STOMACH 
AVERAGE MATERNAL INDEX 


MATE TIME OF YOUNG 

NUMBER BETWEEN 

OPERATION OF PARTURI 
ANIMALS TION AND Before After Before After operat 


HYPOPHY- opera- opera opera- 
SECTOMY tion i 1 


Mice 


hours 


2 15 5 
Hypophysectomy 6 60 4 5 3 16131142 
Control (sham hypophy- 
sectomy) J 60 + + 5 3 5 5 
Control (no operation) 6 + + 5.7t | 5 iz 13.7 


* Before parturition. 
+ Day after parturition. 


when the maternal instinct is maximal in normal controls, no decrease was 
observed after operation (table 1). 

Only three animals were carried over seven days after hypophysectomy. 
These were from then on left without young. Occasional tests of maternal 
instinct were performed in these animals. The presence of a slight but 
definite maternal behavior shows that the presence of young is not neces- 
sary for its maintenance in hypophysectomized animals. In one case a 
definite maternal instinct was recorded three months after the operation 

Hypophysectomy of young males and females. In the lactating females, 
the persistence of maternal behavior after hypophysectomy might be ex- 
plained by the persistence of habits acquired while the animal was taking 
care of its young, during the period between parturition and hypophysec- 


Rats 
2 ; () 5 9 9 9 
3 
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tomy. On the other hand, the action of various hormones during preg- 
nancy and parturition might have stimulated the nervous system in such a 
way that the maternal instinct developed under these hormonie stimuli 
would not disappear after their removal by hypophysectomy. There 
would be a definitive “impregnation” of the nervous system, by hormoni 
factors, which might be called, after Steinach, “erotisation.”’ 

It is possible to investigate this possibility by using young mice, about 
23 to 40 days of age. Such animals when placed with new-born mice fo: 
several days will develop parental behavior. This treatment was applied 
to hypophysectomized young males and virgin females, ten of which ap- 
peared to have sellae turcicae free of remnants of hypophysis. These ani- 
mals had never been in contact with new-born young except during their 
own infancy. Furthermore, to avoid errors from the postoperative shock, 
the animals were left two weeks without being tested. They were then 


TABLE 2 


Young mice hypophysectomized slightly before or after puberty 


"IME BETWEE? 
NUMBER OF dig AVERAGE HIGHEST 
SEX ANIMALS AGE AT OPERATION OPERATION AND MATERNAL INDEX 
days | weeks 
‘ 
fou 3 23 25 2 4 é 
rou 3 32—40 2 4.7 
3 23 29 2 5.3 
40 a" 4 


* Days. 


stimulated with new-born young and tested at irregular intervals for about 
a month. 

The results given in table 2 show that a high maternal index was ob- 
served in these conditions. Although the absence of maternal instinct in 
a normal young male or female is not uncommon, no negative result was 
obtained with these hypophysectomized animals. It may be noted that in 
the stocks of mice used, puberty, as shown by descent of the testes in the 
male and opening of the vagina in the female, occurs during the fifth and 
sixth weeks of life, so that the younger groups of the animals reported in 
table 2 were not mature when operated. 

Similar positive results have been obtained with one old female mouse 
which had not been pregnant for three months before hypophysectomy. 

‘These experiments have been completed by a few similar observations in 
rats (table 1). One of the three animals operated two and one-half days 
after parturition regularly killed the young given for the test. The killing 
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instinct may not be contradictory of the maternal instinct (5). However, 
the results were counted as negative in the average maternal index of table 
1. The other rats showed a definite maternal behavior, although slightly 
less marked than in the operated mice. 

Finally, two normal fifty-day old mice were observed which, in spite of 
prolonged stimulation with young, failed to show any sign of maternal in- 
stinct. They were hypophysectomized. The tests remained negative. 
They were then given 10 units of prolactin daily for 10 days.2, No maternal 
behavior appeared. 

Discussion. Bacq (15), working with sympathectomized rats, ob- 
served, after parturition, a marked maternal instinct, without lactation 
Such dissociation, recorded here in a large proportion of normal and hypo- 
physectomized males and females, shows that lactation and maternal 
instinct are independent phenomena in the rat and the mouse. 

The occurrence of lactation without the exhibition of maternal instinct 
has been observed by Corner (17) in rabbits which had been spayed during 
pregnancy. Gestation was maintained in these animals by the adminis- 
tration of corpus luteum extracts. Lactation was abundant at parturition, 
but the mothers refused to care for their young. One of us (18) has ob- 
served a similar dissociation of lactation and parental instinct in male 
guinea pigs induced to lactate. 

As stated above, the persistence of maternal behavior after hypophysec- 
tomy of the very maternal lactating females might have been explained by 
a process of “erotisation” (Steinach). In other words, after the hormonic 
stimulus had once set up the nervous mechanism of maternal behavior, 
this mechanism would remain after a removal of the hormonic stimuli, 
such as after hypophysectomy.* 


However, the presence of maternal behavior in young animals, hypo- 
physectomized before the definite onset of puberty (opening of vagina or 
descent of testes) excludes the possibility of an ‘‘erotisation,” at least by 
the hormones of pregnancy and parturition and those bringing about the 
complete sexual cycles. Therefore, although the possibility of some hor- 
monic “erotisation” before puberty has not been excluded, it seems safe to 
state that there exists in rats and mice a nervous mechanism of maternal 


instinct which may develop and function independently of the pituitary 
hormones. 
Furthermore, the stimulation of maternal activities produced by the 


2 The lactogenic hormone used in this experiment was Squibb’s ‘‘ Prolactin’ and 
was kindly furnished by Dr. J. F. Anderson of E. R. Squibb & Sons 

3A good example of ‘‘erotisation”’ is that of the sexual instinet of the male rat 
This instinct is maintained after castration, sometimes for as long as 8 months 
(Stone, 16). 
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presence of young probably does not act through the release of lactogeni: 
hormone, since it is effective in hypophysectomized animals; nor throug} 
suckling, since it is effective in male mice which do not have nipples. 

That hormonic factors may be involved in the control of maternal in- 
stinct in the normal female is shown by the marked increase immediately 
after parturition. Exclusive stimulation of non-parturient animals with 
young has in no instance induced maternal instincts as marked as those 
shown by parturient females. 


CONCLUSIONS 

1. An approximate index of maternal instinct has been described and 
used in normal and hypophysectomized animals (maternal index). 

2. Maternal instinct persists after hypophysectomy in lactating mice 
and rats and can be initiated in young male and female mice from 23 to 40 
days old. 

3. A nervous mechanism, which may be stimulated without hormonic 
influences, seems to be the essential factor of maternal instinct in mice and 
rats. It may be controlled by hormonic factors in normal animals after 
parturition. 
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The heart of the embryonic chick begins to beat regularly after approxi- 
mately 40 hours of incubation. The electrical potential changes accom- 
panying the contraction at this stage were formerly thought to consist of a 
single slow potential wave with each beat. The earlier workers (1) (2 
recorded the potentials with an unamplified string galvanometer, and at 
the 40 hour stage the potentials were so small as to necessitate loosening 
the string well below normal tension; a condition unfavorable for accurate 
recording. Beyond the 50 hour stage, when the potentials are of greater 
magnitude, it was early recognized that separate R and T components 
exist (3). In more recent years, by the employment of an amplifier in 
connection with the recording galvanometer, it has been shown that these 
two components exist as early as spontaneous contractions appear (4) 

In the present work we have recorded potential time curves from the 
embryo heart and from a conducting field around it, and from these curves 
inferred the type of disposition of the electrical charges within the heart 
which must be present to account for the potential distribution obtained 
Experiments of a similar type on the adult frog and tortoise heart (5) (6), 
on the adult mammalian heart (7) and on the isolated skeletal muscle (8 
have been reported from this laboratory. The simple anatomical picture 
presented by the primitive cardiac tube of the early embryonic stages of 
the chick, suggested the possibility of a less complicated electrical picture 
than that present in the adult heart. The experimental results however 
prove that this is not true. 

Meruops. The embryos were detached from the egg, floated free in 
Ringer’s solution, mounted on a circular glass disc 60 mm. in diameter and 
placed inside of a moist chamber maintained at a temperature of 38°C. 
The ground lead to a two stage direct coupled amplifier (5) was connected 
with a non-polarizable electrode of the zinc-zine sulphate type at the edge 
of the disc. The grid lead of the amplifier led to a similar electrode fur- 
nished with a fine thread wick. This electrode was placed in contact 
with any desired portion of the heart or surrounding conducting field by 


1 Supported in part by a grant from the Wisconsin Alumni Research Foundation 
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means of a micromanipulator. A binocular microscope, magnifying 45 
times, made possible accurate placement of the electrode. The amplifier 
connected with a string galvanometer, the string of which was maintained 
at normal tension. 

The experiments were carried out in a room provided with two metal 
shields on all sides. The shields were separate except at a common ground 
point. 

In the 40 hour stage, the heart was left in situ. In later stages (up to the 
72 hr. stage) when the cardiac tube had become curved in an § shaped form, 
the arterial end was cut free, the tube straightened and the end held by a 
glass point attached to an arm of the micromanipulator. 

Resutts. The potential time curves, recorded by placing the proximal 
electrode in contact with or in the conducting field surrounding the embryo 
heart, are similar in all essential details to those recorded under similar 
conditions from the adult vertebrate heart or from the field surrounding it, 
provided that the early stage of incubation is employed (about 40 hrs.) 
where the cardiac tube is nearly straight, or if in later stages (up to 72 
hrs. in these experiments), the coiled tube is straightened. 

The ventricular portions of the curve show diphasic R potential groups 
for most of the points on each side of the tube, followed by mono or diphasic 
T potential groups. In leads from the field beyond the two ends of the 
tube, monophasic R and T potential groups are found. On opposite sides 
the potential curves are mirror pictures of one another. There appears to 
be no axis along which there is zero potential throughout the phases of 
contraction and relaxation of the muscle. When the unstraightened $8 
curved cardiac tube of the more advanced stage is employed, the curves, 
particularly from leads close to the tube, are more complicated and often 
impossible of interpretation. This is presumably due to interference 
phenomena arising from the curved path of the impulse. 

The records reproduced in figure 1 illustrate the type of curves obtained 
when the cardiac tube of the 60 hour stage is straightened and held as 
described above. In records A, B and C the proximal electrode was placed 
directly in contact with the cardiac tube. In record A, the lead was from 
the venous end. A diphasic P wave is followed by a monophasic R and a 
monophasic T wave, both representing a change of potential in the negative 
direction. In record B, the lead was from the mid-region of the cardiac 
tube. A negative P wave is followed by a diphasic R wave, the first phase 
of which is in the positive direction. The T wave is in the direction of 
negative potential change but is of smaller magnitude than in the preced- 
ing record. In record C, the lead was from the arterial end of the cardiac 
tube. <A negative P wave is followed by a monophasic R in the direction 
of a positive potential change. The T wave appears to be diphasic, the 
initial change being in the direction of positive potential. These records 
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ire very similar in form to those obtained by leads { 
region and apex respectively of the tortoise ventri 


F 


Fig. 1. Potential time curves from the straightened cardiac tube of a 60 hour chick 


embryo, Calibrations in microvolts per millimeter in the successive records were as 


follows: 1.10, 1.72, 2.63, 2.27, 2.38 and 2.53. The vertical lines represent time inter 


vals of 0.04 sec For further description see text 


circular conducting field (5) The last three records of figure | were 


obtained with the proximal electrode in the conducting field 5 mim. from 
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the cardiac tube. In record D the lead was from a point in the field to on 
side of the venous end. In record EF the lead was from a point opposit: 
the center of the tube. These two records illustrate the diphasice char 
acter of the R potentials in the field on each side of the heart. In record | 
the lead was from a point in the field beyond the arterial end of the tubs 
The R- potential is monophasic in the direction of increased positiv: 
potential. 

In the earliest stage when regular spontaneous beats occur (about 40 hr- 
of incubation) and when the tube is only slightly curved, similar potentis 
curves are obtained from the intact heart and from the field surrounding 
t as from the later stage when the curved tube is straightened. Figure 2 


is a potential-time curve from a lead 2 mm. from the venous end of thi 


cardiac tube at the 40 hour stage. The R and T variations are both in thi 
direction of increase in negative potential. There are no auricular bud: 


Fig. 2. Potential time curve from the cardiac tube of the early chick embryo 
(42 hrs. of incubation). 


at this stage and no P wave is present. The only difference between the 
potential curves at this early and at later stages appears, aside from. thi 
absence of a P potential, is a somewhat longer duration of both R and T 
potentials. Usually also the magnitude of the Tas compared to the R 
potential is greater in the early than in the later stages. 

Discussion. The primitive cardiac tube of the early chick embryo is a 
tube of nearly uniform diameter and of a relatively simple histological 
structure. The cells forming the tube are at first discrete and no trace of a 
syncytial structure appears until the fifth day of incubation (9) (10). The 
cells gradually elongate, fibrils appear at about the 120 hour stage and 
interlace to form a syncytium some 10 hours later. 

Previous experiments have shown a marked difference in the disposition 
of electrical charges responsible for the action potentials in skeletal and 
cardiac muscle (5, 6, 7,8). In both cases they are disposed as dipoles or 


associated groups of positive and negative charges, but a much more 
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complicated arrangement exists in cardiac than in skelet 
the latter, the action potential is represented to a high degree 
tion by two coaxial dipoles, oriented along the long axis 
opposite in sign, asynchronous and of different magnitude 
tion of charges gives a relatively simple potential fiel 

\ll potential-time curves are diphasic, except along thy 

to the cross axis of the muscle, where no potential change 


adult tortoise, frog and mammalian heart, 


sumption of two sets of two dipoles, one set responsible 

set responsible for the T potentials. The axes of these dipol sare different 
and at no place in the surrounding field does zero potential change 

as in skeletal muscle, throughout the period of contraction and relaxation 
of the muscle. The potential changes around the primitiy e cardiac tub 
of the early chick embryo show clearly that the disposition of electrir 
charges in the heart responsible for these potentials, accords with that 
the adult heart, and not, as might be expected, to the simpler arrangeny 
presented by skeletal muscle. The orientation of electrical charges 
the adult heart is thus present in the primitive cardiac tube when it firs 
acquires the property of contractility and before histological or 


anatomical differentiation has occurred. That the primitive cardia 


shows a rapid and a slow electrical variation similar to the 

plexes in the adult heart has already been shown by Boug 
shown further that the field potentials are of the same type, © thi 
orientation of charges in the heart must be similar. The presence ot 
slow potential change or T potential, definitely separated from: the initia 
or R potential, characteristic of heart muscle, appears at the earliest stage 
of spontaneous activity of the primitive cardiac tube, and is usually even 
of greater magnitude relative to the initial potential than in later stages 
(fig. 2). 


CONCLUSIONS 


The potential distribution around the primitive cardiac tube of the chick 
embryo is of a type similar to that found in the adult vertebrate heart 
The disposition of electrical charges within this structure which are re- 
sponsible for these potential changes, is thus similar to that in the adult 
organ. This distribution, characteristic of heart muscle, is present before 
the muscle has acquired the histological structure of adult heart musele and 
at a time when the whole organ consists of a simple tube of nearly uniform 
diameter. The fundamental basis for the characteristic cardiac potentials 
and the electrocardiogram are thus acquired as early in development as the 
properties of automaticity and contractility 


i> 
dispo- 
irs thie 
<atisfactory approximation t 
the time-potential curves from the surrounding field necessitates the 


EYSTER, M. R. KRASNO AND J. P. HETTWER 


REFERENCES 
WERTHEIM-SALOMONSON, J. K. A. Pfliiger’s Arch. 153: 558. 1913 
CLUZET AND SARVONAT. J. Physiol. Path. gen. 16: 802, 1914 
SPADOLINI, I. A. D. Groraio. Arch. Fisiol. 19: 485. 192] 
souGE, J. Y. J. Exper. Biol. 10: 286, 1933 


KystTerR, J MARESH AND M. R. Krasno.) This Journal 110: 422 
KRASNO, M Eyster anp C. A. Maasxt This Journal 114: 


1935 


Eyster, J. A. E., M. R. Krasno, C. A. MAASKE AND M. J. Ubevicu 
Am. Physiol. Soe., 1936, p. 46 


ystTer, J. A. E., F. MaRESH AND M.R. Krasno. This Journal 111: 641, 1935 


Wireman, H.L. Am. J. Anat. 6: 191, 1907 
Conaponr, D Anat. Ree. 16: 135, 1918 


178 J. A. 

(1) 

(2) 

1) 

(5) 19 

(tH) 11Q 

(9) 


THE SENSITIZATION OF INHIBITED STRUCTI 
DENERVATION 


¥. LUCO 


From the De partme nt of Phys ology 
Received for publication March 15 


The increased sensitin ity of smooth muscle to adrenine 
tion of its sympathetic nerve supply has been well studied, but nearly 
of the work has been done on smooth musele which is stimulates 
hormone. Observations concerning the sensitivity. to adrenine, 
denervation of smooth muscle which ts inhibited by adrenine, are 
contradictory. 

Elhott (1905), working on the cat’s bladder, reported that degenerative 
section of preganglionic sympathetic nerves resulted in a more prolonged 
inhibition by adrenine “but perhaps not in greater irritability.” Lan 
and Magnus (1905) observed that after denervation the intestine yielded 
normal reactions to adrenine. — Mitzuda (1924) reported a stimulant action 
of adrenine on the denervated intestine. Shimidzu (1924) denied any 
stimulant action and claimed a sensitization 

The present paper deals with the effects of adrenine on the rabbit: in- 


testine and on the non-pregnant feline uterus which have been deprived ot 


their sympathetic nerve supply. 

A. Er pe riments on the rabbit intestine. Under ether anesthesia a seg- 
ment, 6 to 8 em. long, about mid-way in the length of the eum was 
denervated by aseptic section of the nerves AcCcCOMpPanVving the related 
mesenteric vessels. To insure complete denervation concentrated phenol 
Was painted on the vessel at the point of the section; the excess was re- 
moved with aleohol and the area then washed with normal salt) solution 
Kight experiments were made. The rabbits were killed, 2, 5,6, 7, 8 and 9 
days after denervation. As rapidly as possible the middle portion of thy 
denervated strip (8 to 4 em.) was excised. “Pwo other segments of normal 
intestine were also removed, one from above the denervated portion and 
the other from below, each 3 to 4 em. in length In recording, the tech- 
nique of Magnus (1904) was used. The three segments were put into the 
same bath (250 ce. of Ringer-Locke solution) The temperature was 
maintained at 38°C. Adrenine (1 to 107) was added to the bath by means 
of a pipette; a uniform diffusion was obtained by stirring. 
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The spontaneous contractions of the denervated segment appeared late: 
than those of normal segments often the delay was twice as long. Shi 
midzu’s (1924) observation that it is easier to stretch a denervated segment 
than a normal one was confirmed. 

Only in 2 out of the 8 experiments performed was the observation ot 
Alvarez (1914) witnessed, i.e., that the relaxation to adrenine is greater in 


Fig. 1 Fig. 2 


Fig. 1. Rabbit operated 7 days before. Top record, upper intestinal segment; 
bottom record, lower segment; middle record, denervated loop. Effects of addition 
of 1 y adrenine to the bath. Time, half-minutes 

Fig. 2. Cat, under dial anesthesia tight uterine horn denervated 7 days before 
Top record, right uterine horn; lower, left uterine horn; the lever weights and ampli 
fications were the same for the two sides. Effects of injecting adrenine (0.5 ce 
1:100,000). Time, half-minutes 


lower than in a higher segment of the intestine; in the other 6 experiments 
the upper segment was more sensitive than the lower. 

The denervated segment was consistently more sensitive to the inhibi- 
tory action of adrenine than the two controls (fig. 1). This sensitization 
appeared both as a greater degree of relaxation and a longer duration of the 
response. 

In 5 of the experiments, after the Ringer-Locke solution in the bath was 
changed, acetylcholine was added. No sensitization of the denervated 
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segment Was apparent; the action of the drug was nearly the 
three intestinal strips 
B. Exp riments on the non-preqnant feline ute 
tions of the uterus were recorded as deseribed by Cant 
1933). Preliminary observations showed that stimula 
hypogastric nerves CAaUses a relaxation on both sich > 
tion occurs even after a midline section of the vagina 
complete unilateral denervation, therefore, one horn 
eut at its vaginal end, including the uterine vessels and ner 
ovarian vessels were found sufficient to maintain an adequate blood supply 
After this operation the two uterine horns showed rhythmir 


tion (fig. 2 Stimulation of the two hypogastric nerves produced 


Fig. 3. Cat operated 7 days before. Top record, right uterine hort 
lower, left uterine horn. Effeets of addition of 0.1 5 adrenine to 
half-minutes 


tion only on the left side. Injections of adrenine immediately after the 


section caused equal relaxation on both sides. In two animals the right 


uterine horn was thus denervated aseptically under ether anesthesia 


Kight and nine days later the uterine contractions were recorded under dial 
anesthesia (0.8 ce. dial (Ciba) per kgm., intraperitoneally Injections of 
adrenine (0.5 to 10y) into the femoral vein elicited a greater relaxation on 
the denervated side (fig. 2). 

. Expo riments on excised uterine horns The nght uterine horn of four 
non-pregnant cats was denervated by use of the technique described above 
Six to 8 days later the two horns were excised and their contractions wer 
recorded by the method employed for the intestinal strips (seetion A 
The spontaneous rhythmical contractions of the two sides were similar 
Adrenine produced greater inhibition of the denervated horn than of the 


() 
denervated 
e Time 
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other (fig. 3). This more marked effect appeared either as greater relax 
tion or as a diminution of the spontaneous contractions, or both. 

Discussion. From the observations reported (figs. 1, 2 and 3) it m: 
be concluded that the inhibitory action of adrenine is more effective on t] 
denervated segment of the small intestine and on the denervated uteri 
horn as compared with the controls. The contradictory results mentions 
in the introduction appear to be due mainly to the lack of adequate cor 
trols. Experiments in which the special tests and the controls are mac 
in different animals would require a large series for statistical Comparisor 
Mihiott (1905) and Langley and Magnus (1905) based their conclusions on 
relatively small series. 

Shimidzu (1924) and Mitzuda (1924) used as controls for the denervated 
loops of intestine a normally innervated intestinal strip from the same 
animal. But the action of adrenine is quantitatively different for different 
segments of the intestine (p. 000). The comparison of the denervate: 
segment with only one control is therefore not satisfactory. Only doubli 
controls, taken above and below the denervated segment, can obviate this 
objection, 

A contractile response to adrenine, such as Mitzuda (1924 reported as 
occurring in the one dog which he examined, was never observed. 

Two days after denervation of the rabbit intestine increased sensitivity 
to the action of adrenine can be detected; but it is not as intense as Shi- 
midzu (1924) has reported. His results may be due to the fact that hi 
compared the denervated loop with a lower segment, usually less sensitive 
\bout 6 to 8 days after the nerves are cut a greater sensitization has 
occurred,  ‘“Phis is in accord with the course of development of sensitiza 
tion in the denervated mictitating membrane (Hampel, 1935). 

Shen and Cannon (19386) have observed that the postganglonically 
denervated constrictor of the iris becomes more sensitive to acetylcholine 
than the normal one In the present observations no sensitization to 
acetylcholine of the denervated segment of the intestine was found. This 
May be due to the fact that the intestine was preganghonically denervated 
as regards its parasvmpathetic nerve supply, not postganglonically as in 
Shen and Cannon's experiments 


SUMMARY 


Denervation of a segment of the rabbit intestine by section and degen- 
eration of the mesenteric nerves renders it more sensitive to the inhibitory 
action of adrenine (fig. 1) and does not modify the action of acetylcholine 

Mach hypogastric nerve innervates the two uterine horns in the cat. 
Denervation of one of the uterine horns renders it more sensitive to the 
inhibitory action of adrenine. Similar results were recorded in vivo and in 
vitro (figs. 2 and 3). 
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One of the earliest formulations with regard to the sensory response to 
intermittent photic stimulation is Talbot’s law, which recognized that 
when flashes are rapidly repeated, they may be seen as a continuous steady 
light, and predicted the intensity of this light with reference to the flashes 
Hecht (1932) has shown that this can be accounted for by the photochemi- 
cal system he has postulated for the eye. It must be borne in mind, how- 
ever, that this does not preclude the possibility of the nervous mechanism 
of the eye having a hand in determining the sensory fusion point of the 
flashes. Such a rédle would imply merely that it is more limited in the 
range of frequencies that it could handle as separate flashes than is the 
photoreceptive system, and so would determine the rate of stimulus inter- 
mittency which brings about the sensory stationary state. That the nerv- 
ous mechanism has such a limitation is indicated by certain facts which 
form the material of this paper. 

These indications, for the most part, lie in the behavior of the retinal 
action potential, which has been found in many respects to be a good 
parallel of sensation in flicker experiments. The records show a train of 
sinusoidal waves, the peaks of the retinal b waves. These become lower 
and lower as flash frequency is increased, and die out about the time that 
critical flicker frequency is reached for humans. 

Granit and Therman (1935) showed that under certain conditions, 
waves in the records of retinal potential follow only every second flash. 
With lower frequencies, deflections to successive flashes alternated in size. 
Fry and Bartley (unpublished) also noticed the same thing. It was seen 
again in some of the present experiments. The records of Granit and 
Therman showed that if flash frequency is reduced from a point at which a 
response follows only alternate flashes, a smaller response begins to appear 
to the flash formerly eliciting none; with further frequency reduction, all 
responses become the same size. The phenomenon is frequently encoun- 

1 This work was conducted under a grant from the Rockefeller Foundation for 
research in neurophysiology. 
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tered in the excised eye when using high intensities. There seems to be 
nothing in the nature of the photosensitive system to provide for such an 
alternation in response size. On the other hand, how this may very well 
be handled by the nervous mechanism of the eye will be brought out 
shortly. 

Then, too, the way the lag in the response behaves as flash frequency is 


varied also indicates that the nervous mechanism of the eye plays a deter- 
mining role in sensory fusion. Expansion on this point, however, brings 
us to our experiments. 

Metuop. Retinal responses were measured in the rabbit, prepared as 
usual (Bartley and Bishop, 1933; Fry and Bartley, 1934), and recorded by 
cathode-ray oscillograph after vacuum tube amplification. Flashes were 


flash 


1 2 


Fig. 1. A more or less diagrammatic picture of the early responses to a train of 
flashes fairly rapidly given. The first response is large and long-lasting. If the 
second flash comes early during the response to the first, no second response appears; 
if a little later, a small one, but not so large as to the third and subsequent responses 
Interval a, the flash interval, is sometimes shorter than interval b, the lateney of 
response, and is very commonly shorter than c, implicit time. It is interval ¢ that is 
measured at various flash frequencies to produce the curve in figure 2. The fact that 
interval b becomes longer than a shows the same mechanism cannot be responsible for 


successive responses. 


provided by an open sector disc, and their frequency measured by a Weston 
electric tachometer. 

It is well to remember that the deflection in the record which we call the 
response is not a measure of the activity of a single unit nor a group acting 
precisely together in time. The deflection is a representation of the 
summation of many distributed unit impulses. Even though these units 
were to have only positive components, their summated activity would 
present various temporal patterns. Since there is the probability of their 
having both positive and negative components, further complications can 
enter into their summation. These statements are made as a reminder 
that when at times no deflections appear in the record, the system need 
not be idle, but may be as active as before, but in such a way that the unit 
impulses balance in the record. This is indicated at high flash frequencies 
and with continuous light. 
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Resutts. The response to the first flash in a series is always larger 
than are those to succeeding flashes, due in part to the fact that it finds 
more elements ready to respond than do the later ones. At high frequen- 
cies, no response to the second flash appears, the deflection having de- 
creased as frequency was increased (fig. 1). The third and subsequent 
waves do appear and are generally alike in size, but smaller than the 
first one, their size depending upon flash frequency. ‘To say the least, 
something is happening to permit responses at higher frequencies than the 
retina was capable of at the beginning. It is reminiscent of the reor- 
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Fig. 2. Shows the relation between implicit time and flash interval (and flash 
frequency). Implicit time lengthens until the flash frequency reaches about half the 
critical frequency (see text for interpretation). 


ganization of cortical responses at the outset of a rapid train of electric 
shocks to the optic nerve with the eye removed (Bartley, 1936). Such an 
analogy cannot, however, be transferred to the retina for proof of the 
phenomenon’s neural origin, but it does show that there are mechanisms 
undoubtedly nervous which behave in the way we are suggesting for 
the eye. 

If flash frequency is manipulated, it will be seen that both the latency 
and the implicit time of the retinal response change, implicit time being 
the interval from the onset of the flash to the peak of the response poten- 
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tial. Up toacertain point they increase as frequency is raised, but beyond 
this a reversal sets in. Figure 2 shows this, a phenomenon which pre- 
viously had been observed (Bartley, 1936a) but had been so unexpected 
and curious as to have had its genuineness doubted. 


If decrease in the interval between flashes (increase in flash frequency) 


encroaches more and more on the recovery phase of the responding units, 
and so increases their response latency, different units responding to suc- 
cessive flashes would account for the shape of our curve. If, at high 
flash frequencies, no individual functional unit reacted to succeeding 
flashes, the interval between activations of each might be increased the 
amount necessary to shorten its latency to a point found earlier in the 
curve. Granit and Therman’s records, in which when about one-half the 
critical flicker frequency is reached only alternate flashes elicit responses, 
are a confirmation of the interpretation of the curve. 

Our high flash frequency records show that the latency of the retinal 
potentials is greater than the intervals between flashes, which also sug- 
gests that different elements respond to succeeding flashes. 

Discussion. The explanation of these facts seems to lie in the behavior 
of the neural mechanism. The way the system might work is suggested 
by the following. With slowly repeated flashes, a definite burst of im- 
pulses follows each, and there is sufficient time between each flash for 
recovery to take place in all elements. As flashes are made to succeed 
each other more rapidly, the needed recovery period of the single functional 
unit, whatever it may be, is encroached upon. Under appropriate con- 
ditions, responses appear only to alternate flashes. Under more frequently 
existing conditions, that is, when a series of rapid flashes suddenly falls 
on the eye, a reorganization occurs at the outset of stimulation, the second 
response failing, and each flash thereafter followed by a response smaller 
than the first, each representing the activity of a few units, all responses 
becoming equal. Since a flash can elicit a response only in the elements 
which have sufficiently recovered, very quickly, then, different groups of 
elements become sorted out so that alternate groups respond to succeeding 
flashes, the number of groups depending upon the rapidity of the flashes. 

The system is capable of two extremes of internal organization, the one 
when there is the maximum synchronism of the elements, and the other 
when the fewest possible are being activated at the same instant. The 
sudden onset of intense light momentarily produces the first outcome, the 
gradual onset of weak stimulation, the second. A maintained response 
to steady stimulation is thus made possible by a broad dispersion in the 
moments of onset of activity of the functional units as they continue to 
repeat their cycles of action and recovery. The higher the flash frequen- 
cies (up to the fusion point), the more the units become dispersed, and 
the nearer the sensory outcome simulates that produced by steady light. 
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Experiment shows that as flash frequency becomes higher, the bursts 
become smaller and smaller, the number of units responding to each flash 
becoming fewer and fewer till finally no bursts at all are evident. This 
parallels the psychological observation that flashes of properly chosen 
frequency can be brighter than a steady stimulation of the same intensity, 
but that if the same flashes are repeated at a higher rate, the brightness 
settles down to a fraction of that produced by steady stimulation, and 
flicker is replaced by continuity. A sensation of steady brightness, there- 
fore, involves not only a constant frequency of unit discharges, but a 
maximum degree of asynchronism of such discharges, and not a high fre- 
quency in any one unit, for none is capable of it. 

On the morphological side, since the alternating groups of units which 
are activated by different flashes represent functionally the same retinal 
areas, multiple routes from the sense cells of each retinal area to the cortex 
are necessitated for at least part of the way. 

Throughout, we have been interested in what determines the point at 
which the sensory stationary state is reached. The photochemical system 
alone would provide it. And were it shown that nothing else intervened 
between it and sensation to play such a réle, the matter could rest there 
The intervention of an intermediate process between photosensitivity and 
sensation determining fusion has never been precluded; and now, on the 
contrary, the facts we have described strongly suggest it. They indicate 
that even before the sensory stationary state is reached, various groups of 
elements are working in turn to take care of separate flashes as they arrive, 
just because they are already coming too frequently for any one functional 
unit to follow each flash. This leads to the conclusion that the sensory 
stationary state may be brought about by the final uniformity in the num- 
ber of elements active from instant to instant, the complete cycle of each 
functional group being long compared with the interval between separate 
sense cell discharges. The dispersion to produce this uniformity is hap- 
pening in the activity cycles of the elements beyond the sense cells and 
has begun long before the stationary state is reached, and has been gradu- 
ally leading up to it. 


SUMMARY 


1. A series of equally intense and uniformly spaced flashes of light does 
not under all conditions produce a series of equal sized retinal responses. 
Responses may even follow only alternate flashes when given below the 
critical flicker frequency (Granit and Therman, l.c.). 

2. A reversal in the relation between flash frequency and retinal implicit 
time sets in at high frequencies. The significance is shown and it is 
pointed out why only the nervous system could account for this. 
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3. The latency of the retinal response at times becomes greater than 
the flash interval. 

These facts point toward retinal organization in which some part of the 
optic pathway in the retina cannot follow rapidly given flashes, but in 
which the elements take turns in responding to succeeding flashes, in 
keeping with the length of their cycles of action and recovery and flash 
frequency. This alternation accounts for continuous activity to steady 
stimulation and the critical flicker frequency. 
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There are two principal ways by which the organism can meet an acut: 
oxygen deficiency of the body. The first consists of an increased oxygena 
tion of the tissues by means of respiratory and circulatory adjustment- 
(including contraction of the spleen and a change in the O,-dissociatio: 
curve of Hb). The second consists of a lowering of the oxygen demands 
of the tissue and this could be accomplished most appropriately by lowering 
the body temperature. Both adjustments actually take place. 

Behague (1927) and Mayer and collaborators (1935) showed that the 
temperature of the body falls with decreasing atmospheric pressure, and 
Gellhorn and Janus (1936) proved that the O,-tension in the inhaled air is 
the determining factor. Moreover, Mayer and collaborators have shown 
that the decrease in body temperature resulting from oxygen deficiency is 
associated with a decrease in oxygen consumption. It is interesting to 
note that the mouse is more sensitive in these regulations than are the 
larger animals, since a definite decrease in oxygen consumption and body 
temperature is observed when the animals inhaled 12 per cent oxygen, 


whereas the narcotized dog shows a decrease for oxygen concentrations 
only below 3 per cent. 


The following experiments were devised in order to demonstrate the 
biological significance of these adjustment reactions and to elucidate the 
mechanism involved. More than one hundred experiments were carried 
out with mice, rats and guinea pigs, which were exposed in a low pressure 
chamber to various pressures for from 5 to 55 minutes at room tempera- 
ture, and also at 37°C. Furthermore, the effect of CO. on the body tem- 
perature at various barometric pressures and various oxygen concentra- 
tions at normal barometric pressure was determined. The temperature 
was taken rectally. 

Resvutts. Figure 1 shows the typical effect of oxygen deficiency in- 
duced in the mouse by a low barometric pressure (295 mm. Hg). It is 
evident that a very marked drop in body temperature occurs within 5 
minutes. This decrease in temperature increases with the length of the 
exposure to low barometric pressure. A drop in temperature of 4 to 6 
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degrees has been noticed in as short a time as 15 or 20 minutes. ‘The effect- 
are completely reversible. In 24 experiments in which mice were exposed 
to the barometric pressure of 295 mm. Hg, 2 (8.4 per cent) died. If 
however, this experiment was carried out at a temperature of 37°C., 90 per 
cent of the mice died within less than 10 minutes. The cause of death 
seems to be the prevention of the lowering of body temperature, as table | 
indicates. It is seen that, whereas the decrease in body temperature aver 
ages 2.5°C. for a 5 minute experiment, and 3°C. for a 10 minute experiment 
at normal room temperature, the temperature changes are insignificant at 
an outside temperature of 37°C., and give the mean of 0.4°C. 

Control experiments carried out with mice at a temperature of 37°C. at 
normal barometric pressure for the same 
period of time (10 min.) show that this Bar. pressure 295 mm Hg - Mouse 
temperature is tolerated without any 
apparent harmful effect. The body tem- 
perature remains practically unchanged. 

From these experiments it may be 
concluded that the lowering of the body 
temperature which is associated with 
oxygen deficiency is an extremely im- 
portant adjustment reaction in the warm 
blooded animal, since the prevention of — V te 


this drop in temperature almost invari- 
ably leads to death. Similar observa- 
tions were made on rats during a heat — ric pressure on the body tempera- 
wave in July, 1936. When the room ture in the mouse. The second 
temperature was above 27°C. (and on  Peint on each graph represents the 
some davs it rose to 32°C.) the fall in body temperature obtained after 


exposure of the mouse to a baromet- 
body temperature due to exposure to a 


ric pressure of 295 mm. Hg for 5, 10, 
lessened QO2-tension in the inhaled air and 15 minutes respectively 


was greatly reduced and the mortality 

rate was markedly increased. In this connection it may be noted that 
exposure to increased oxygen pressure of from 4 to 6 atm. leads to a fall 
in body temperature. Here, too, death ensues when the fall of the tem- 
perature of the body is prevented (Campbell, 1937). 

It is interesting to study this reaction in various animals. Mice, rats 
and guinea pigs were subjected to different degrees of oxygen deficiency in 
a low pressure chamber. It was observed that in mice the body tempera- 
ture decreased very rapidly and to a greater extent than in rats, and that 
the change was least in guinea pigs. The differences are very great. Mice 
exposed to an O.-tension corresponding to that of 8.1 per cent Os showed a 
fail in body temperature of 2.5° and 3°C. during 5 and 10 minutes respec- 
tively. A similar fall in temperature was obtained in rats which were ex- 
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TABLE 1 
Drop in body temperature of mice exposed to a barometric pressure of 295 mm 


A. Experiments at room temperature 


9 mice exposed for 10 minutes: Mean: 3.0°C. Standard deviation: 
9 mice exposed for 5 minutes: Mean: 2.5°C. Standard deviation: 


B. Experiments at 37°C 
10 mice. Nine die after 5 9 minutes’ exposure 


One survives exposure of 10 minutes 
Mean: 0.4°C. Standard deviation: + 


posed to 6 and 7 per cent O2 for 55 minutes. In guinea pigs we were unabl: 
to produce a fall in body temperature of this magnitude within one hour 
with any oxygen tension compatible with the life of the animal. 
In other words, there is a marked 
——— ‘pressure’ relationship between the ability of ar 
ne 760 mm Hg animal to lower its body temperatur: 
under conditions of oxygen want and 
its resistance to oxygen deficiency 
In view of the fact that with increased 
room temperature this reaction was 
largely prevented and the sensitivity 
1%0; - to oxygen want was thereby greatly 
#9BCO, increased, it is probable that there is 
a causal relationship between sensi 
607RO, tivity to Oo-want and the temperature 
lowering capacity in various species 
The very rapid reaction in 
in the O»-tension in the inhaled air ti Shed 
with and without 3 per cent CO, on the 
body temperature of the rat. Dura- Crease 1n the release of heat from the 
tion of each experiment 55 minutes. body surface may play an important 
Ordinate: Fallin body temperature part in this reaction. The fact that 
in *C, the rapidity and the extent of this 
Abscissa: Composition of the gas ‘th tl 
mixtures. In the left curve the reduc- 
tion in QO»-tension was obtained by 1 the relative area of the surface of 
reduction in barometric pressure, the body lends weight to such an inter- 
whereas in the experiments repre- pretation which is supported also by 
sented by the right curve the baro- the following observations. 
metric pressure was normal and the 
, : Experiments were carried out in rats 
O, concentration was obtained by di- 
lution with nitrogen. in which the effect of 3 per cent 
CO. was studied on the temperature 
reaction occurring under conditions of oxygen deficiency. As is known 
from the observations of Mosso (1889), Margaria (1928), Henderson 
(1935), Gellhorn (1936), and Gellhorn and Janus (1936), CO. may off- 
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Fig. 2. The influence of a reduction 
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set the effects of oxygen deficiency to a certain extent. It was of intere-t 
to determine how CO, influences the temperature reaction in war! 
blooded animals. Numerous experiments carried out in rats shows 
invariably that the drop in temperature is greater in the presence © 
CO, than in its absence. This is brought out clearly by figure 2 
which shows also the complete reversibility of these phenomena. It 
may be stated that the rats exposed to a barometric pressure of 242 mm 
Hg tolerated this condition of oxygen want much better in the presence of 
CO, than without it. Similar observations were carried out in rats 1 
which the animals breathed a low oxygen concentration (7 per cent) at 
ordinary barometric pressure (fig. 2). Here again it was found that the 
decrease in body temperature was greater in the presence of CQ, than in 
its absence. 

Discussion. From the observations of Mayer and collaborators, it is 
known that the decrease in body temperature varies indirectly with the 
oxygen tension in the air inhaled by the animals. He therefore interpret- 
his results as being due to a regulatory influence of the oxygen concentra- 
tion in the blood on the oxygen consumption of the tissues. If the 
oxygenation of the tissues were the only factor responsible for the lowering 
of the body temperature, it would be expected that the improved oxygena- 
tion of the tissues in the presence of CO2, would lead to a lesser fall in body 
temperature. The experiments reported above have shown that exactly 
the opposite is the case, which proves clearly that in addition to the oxy- 
genation of the tissue other factors must play an important réle in the tem- 
perature regulating processes observed under oxygen want. The rapidity 
with which the lowering of the body temperature is observed in mice makes 
it highly probable that variations in the release of heat from the body play 
a predominant part. It was first thought that the increased respiration 
observed in the presence of small amounts of CO, may induce a greater 
fall in temperature by increased heat release from the lungs. However, 
experiments in which even 10 per cent COs» was inhaled at normal oxygen 
tension for periods longer than those used in our experiments have shown 
that no changes in body temperature occur under these conditions. This 
seems to rule out the alteration in respiration as a source of increased heat 
release. The only remaining factor is the heat release from the surface of 
the body. That this release of heat may be of great importance for the 
reaction studied in this paper is made probable by the fact that, as was 


mentioned above, the loss in temperature is greatest in animals with rela- 
tively large surface area. We know, moreover, that CO, has, even in small 
concentrations, a dilatory influence on the blood vessels (Fleisch, 1935), 
Atzler and Lehmann (1927). In addition to that, we have found, in ex- 
periments in man (Gellhorn, 1937), that the blood pressure remains in- 
creased under conditions of oxygen deficiency in the presence of smal! 
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amounts of COs, whereas it falls if CO, is absent. This may contribut: 


to an increased blood flow through the skin under conditions of oxyge: 
deficiency, plus COs, and may thereby facilitate release of heat from thi 
surface of the body. It seems to be of great interest that COs, which allevi 
ates the symptoms resulting from oxygen want and may, therefore, be con- 
sidered to be an antagonist of oxygen want, improves the conditions in the 
organism by an action which is synergistic with that of oxygen deficiency 
as far as the regulation of temperature is concerned. 


SUMMARY 


1. The loss in body temperature resulting from inhalation of gas mix- 
tures with low oxygen tension is greatest and develops most rapidly in 
animals with relatively large surface area (mice). The biological signifi- 
cance of this reaction is seen by the fact that at the elevated room tem- 
perature the mice died when exposed to an oxygen pressure which they can 
tolerate at ordinary room temperature. 

2. Under conditions of oxygen deficiency 3 per cent CQO» in the inhaled 
air increases the fall in body temperature over that observed in oxygen 
deficiency alone. The fact that the fall of body temperature is greatest 
under conditions of oxygen deficiency plus COs, although the oxygenation 
of the tissues is improved, indicates that the fall in body temperature is not 
regulated exclusively by the oxygenation of the tissues, but that the spe- 
cific influence of CO, on the circulatory system plays an important part in 
increasing the heat release from the surface of the body. 
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The carotid sinus is a sensory zone where vasomotor, cardiac and respira- 


tory reflexes arise. The vasomotor and cardiac reflexes have a common 
afferent pathway; pressure changes within the carotid sinus stimulaté 
stretch receptors in the arterial wall, initiating impulses which are con- 
ducted by the carotid sinus nerve to the glossopharyngeal nerve and thence 
to the vasomotor and cardiac centers of the medulla. The efferent com- 
ponents of the cardiac portion of the carotid sinus reflex are formed by the 
vagus and cardioaccelerator nerves which function reciprocally (Heymans, 
Bouckaert and Regniers, 1933). The efferent are of the vasomotor portio: 
of the reflex is less clearly defined. The sympathetic vasoconstrictor- 
constitute one important pathway; does the reflex traverse separate vaso- 
dilator pathways as well? 

Reflex vasodilatation of blood vessels has been obtained in sympathec- 
tomized regions (Bayliss, 1902; Fofanow and Tschalussow, 1913; Bishop, 
Heinbecker and O'Leary, 1933). Freeman and Rosenblueth (1931 
elicited reflex vasodilator responses in completely sympathectomized cats 
by stimulation of the vago-depressor trunk and various sensory nerves 
Rosenblueth and Cannon (1934) concluded that the dilator fibers in the 
dorsal roots of the spinal nerves were probably the efferent paths of these 
dilator reflexes observable in sympathectomized cats. 

The efferent components of the vasomotor reflexes which originate in 
the arch of the aorta and in the carotid sinuses are supposedly identical. 
It was thought, therefore, that vasodilator responses might be obtained in 
completely sympathectomized cats by raising the pressure within an arti- 
ficially perfused carotid sinus. We believed that such a technique would 
enable us to elicit possible reflexes by physiological stimulation of sensory 
endings and would be preferable to direct mechanical or electrical stimula- 
tion of nerves. The results reported here were obtained while testing this 
hypothesis. 

Metuop. The thoracic and abdominal sympathetic chains of adult 
eats were removed in two stages by the method of Cannon, Newton, 


1 Medical Fellow of the National Research Council. 
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Bright, Menkin and Moore (1929). At each operation one entire chain 
was removed intact by pulling it under the diaphragm.? The severing of 
all connections between the spinal cord and postganglionic sympathetic 
fibers was thus assured. 

Two or three weeks later, when the cat was again vigorous, the acute ex- 
periment was performed under nembutal, chloralose or light ether anes- 
thesia. Arterial blood pressure was recorded from the femoral artery. At 
the beginning of each experiment the vagus and sympathetic trunks were 
cut bilaterally in the lower cervical region to eliminate reflexes originating 
in the aortic zone and to complete the denervation of the heart. The ani- 
mals were then subjected to the following procedures: abrupt occlusion and 
release of both common carotid arteries, and perfusion of the isolated caro- 
tid sinus with Ringer’s solution at different pressures. The latter prepara- 
tion involved severing the vascular connections of the carotid sinus, while 
preserving the carotid sinus nerve intact. In each experimental animal 
first one and then usually the other sinus was perfused; during some of the 
trials the opposite carotid sinus was intact, during others it had been 
denervated. Both carotid sinuses were perfused simultaneously in a few 
instances. At the end of the experiment each cat was killed and carefully 
examined to make sure of the completeness of the sympathectomy. The 
acute experiment was carried out in similar fashion on a control series of 
normal unsympathectomized cats. 

Resutts. Observations were made on twelve sympathectomized cats 
(7 under nembutal, 2 under chloralose and 3 under ether) and nineteen 
normal animals (12 under nembutal, 5 under chloralose and 2 under ether). 
The kind of anesthesia used did not apparently influence the results. 

Upon occluding both common carotids in a normal animal, a sharp rise 
in general arterial pressure was obtained, as shown in figure 1A. After 
release of one common carotid the arterial pressure fell abruptly, leveling 


off at a pressure above the initial pressure; release of the remaining artery 


brought the arterial pressure back to normal. These responses were con- 
stant, and could be repeatedly obtained in the same animal. The average 
rise in general arterial pressure on occluding both carotids was +86 mm., 
the average fall in pressure upon releasing them was —87 mm. (table 1). 

The effect of occluding the common carotids upon general arterial pres- 
sure in sympathectomized cats was very slight. A small rise in pressure 
averaging +11 mm. was uniformly noted; upon releasing the carotids, the 
pressure level fell —11 mm. (fig. 1B). This response was characteristically 


2 In three cats the thoracic and abdominal chains on one side were removed sepa- 
rately; at autopsy one or two ganglia were found beneath the diaphragm. Since the 
splanchnic nerves were severed, such ganglia were partly deprived of their efferent 
fibers. Acute experiments on these animals gave results comparable to those ob- 
tained on completely sympathectomized cats. 
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of much smaller magnitude than the reaction ot 
The range of response to occlusion in eleven anin 


mm., and to release from 6 to 20 mm 


Cc 


Fig. 1. The response of general arterial pressure to changes in the intrar 
sinus pressure in normal and sympatheetomized cats The vago-depresso1 
cervical sympathetic trunks had been cut at the beginning of each experiment 

I. The effect of clamping and unclamping both common carotid arteries 
Normal cat, chloralose anesthesia At 1 2and 5-6 both carotids were clam 


taneously; at 3, 4, 7 and & the clamps were removed one at a time Arterial pressure 


initial 160 mm., maximum 248 mm., final 156 mm Note the great similarity betwee 


the two curves B. Svmpathectomized cat, chloralose anesthesia 


carotids were clamped simultaneously; at 9 and /0 the clamps were ren 
time A.P.: initial 112 mm., maximum 123 mm., final mim 

Il. The effect of raising and lowering the perfusion pressure in the tsolated ear 
sinus. (,. Normal cat, nembutal anesthesia. From / to 2and 4 to 3 pressure i 
sinus was lowered to 20mm. At 3, pressure was raised to 225 n A.P.: initial 
mm., Maximum 250 mm., minimum 122mm. TD). Sympathectomized cat, 


anesthesia At 2-3 and 5 pressure in the sinus was raised to 225 mi At 


pressure was lowered to 20mm. A.P. throughout 90 mim 


The initial arterial pressure in the sympathectomized cats was lower 


than in the normal animals; in the former it averaged 96.3 mamn., and in the 
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latter 138.6 mm. However, the difference in initial pressures alone canne 

account for the different responses to carotid occlusion in the two series 
In the control group there were four trials in which the initial pressury 
levels (118 mm., 50 mm., 76 mm. and 120 mm.) were as low or lower thar 
those in the sympathectomized group. Yet in these four trials the averag: 
rise of pressure on carotid oeclusion was +81 mm., only 5mm. lower thar 
the general average of the control group. Furthermore, there was nm 
difference in the magnitude of response between the sympathectomized 
cats with the lowest (74 mm.) and highest (120 mm.) initial pressures 
The six experiments in the sympathectomized series in which the initia 


TABLE 1 


E fhe fof alteration of carotid sinus pressure on gene ral arte rial pressure in normal ar 


ym pathectomi sed cats 


AVERAGE IN MILLI 
TERMINATION METERS IN MEKCUR 
ARTERTAL 


PRESSU RE 


NUMBER 0 


Sympatt 
tomized 


Initial A.P 3 ai: 
Final A.P 995 107 
Difference 11] 


A. Clamping common 
carotid arteries 


Initial A.P 107 2 
Final A.P e 
eurotid arteries 
Difference 
Raising perfusion pres- Initial A.P 
sure to 225mm. Hg in Final A.P 
isolated carotid sinus Difference 


Dd. Lowering perfusion pres- Initial A.P 
sure to 20 mm. Hyg in Final A.P 


isolated carotid sinus Difference 


pressure Was below the mean initial pressure showed an average response to 
occlusion of + 10.3 mm., while the six trials with initial pressure above the 
mean of the group averaged a rise of +11.7 mm. upon carotid occlusion 


Therefore the eightfold difference in the magnitude of the response to 


carotid occlusion between the sympathectomized and control group was 


not due to the different initial pressure levels. 

After having recorded the effect of carotid occlusion and release with the 
carotid sinus nerves intact, this nerve was destroyed bilaterally in five 
normal and in one sympathectomized cat. (In these animals obviously, 
stimulation of the isolated sinus could not be carried out subsequently. ) 


The curves resulting from clamping and unclamping the common carotids 
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in the sympathectomized and control animals 

resembled the 11 mm. rise and fall seen in the 

hefore denervation (fig. 2). The persistence Of a re 

to carotid artery occlusion after carotid 

and further experiments were made to determin 
A 10 or 15 mm. rise in general arterial press 

or both external carotid arteries under 


l, after the vagus and carotid sinus nerves were cut, | 


mized and normal cats, even when the latter had been ! 
brate; 2, after cutting cranial nerves VIT, VITT and IX on the 


The effeet of denervation of both carotid: sim 
id sinus reflex in normal and sympatheetomized cats 
vical sympathetic trunks had been cut at the beginning of ¢ 
Normal cat, nembutal anesthesia A. before, and B 
sinuses. II. Svmpathectomized cat, nembutal anesthe 


denervation of the carotid sinuses In A, B, C and 


clampe d simultaneously at 7, and released separately at 
of curves B, C and ID 


the artery Was clamped normal cat with vagus and earotid: sinus 

cut): 3, after both trigeminal nerves were cut (normal cat with both vague 
and carotid sinus nerves cut); 4, after transection of the spinal cord at the 
level of C7. A similar rise was produced by occluding one renal artery 
after denervation of the kidney, the aortic arch and the carotid sinus zones 
It therefore appeared that the 10 or 15 mm. rise in general arterial pressure 
following occlusion of the common carotid arteries of normal cats afte 
denervation of carotid sinus and aortic zones and ot svinpathectomized 
eats both before and after denervation of those zones was not reflex in 


nature. It seemed probable that the effeet was a mechanical one, sudden 
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arterial obstruction resulting in a diminution of the vascular bed wit 
slight increase in the volume of blood in the remaining systemic arteriv 


and a consequent rise in pressure. 


In the sympathectomized cats no significant change in arterial pressur 


was obtained by raising or lowering the pressure in the isolated innervaté 

carotid sinus on one or both sides (table 1). Perfusion pressure wa 
abruptly raised to 225 mm. of mercury 65 times in 10 cats. The averag: 
change in arterial pressure following this procedure was + 1.6 mm. of mer 
cury. In 20 instances general arterial pressure was absolutely unchange: 
after the perfusion pressure had been raised, and in 42 other trials the dit 


D 


Fig. 3. The effect of arterial occlusion and release upon general pressure of “nor 
mal’? (unsympathectomized) cats. (The carotid sinus and aortic depressor nerves 
had been cut at the beginning of each experiment. All four curves may be referred t: 
the scale of millimeters of mercury at the left.) A. Cat decerebrated, nembuta! 
anesthesia. At 3 the right external carotid artery was clamped, at 4, unclamped 
B. Cat decerebrated, nembutal anesthesia, both trigeminal nerves cut. At 7 bot! 
external carotids were clamped, at 3 and 4 they were unclamped separately. ( 
Spinal cord transected at the level of C;, nembutal anesthesia At 4 both commor 
carotids were clamped, at 5 and 6 they were released separately. D. Left kidney 
denervated, nembutal anesthesia. At 7, the left renal artery was clamped, and at 2 
it was unclamped. Note the similarity of all these curves to those in figure 2— B 
Cand D 


ference in arterial pressure before and after raising the perfusion pressure 
ranged from 2 to 8mm. Spontaneous fluctuations in arterial pressure may 
easily account for changes of this magnitude. Similarly, abrupt lowering of 
perfusion pressure to 20 mm. of mercury Was carried out 49 times in 10 cats 
with an average change in arterial pressure of +0.7 mm.; in 24 trials ar- 
terial pressure was entirely unaltered, and in the remainder only minima! 
fluctuations were noted (fig. 1D). 

In contrast, pressure changes within the isolated carotid sinus of eight 
control animals precipitated marked reflex alterations in systemic pressure 
(table 1). When perfusion pressure was raised to 225 mm. of mercury, 
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systemic pressure fell an average of 39.2 mm. of mercury in 31 trials; on 
three occasions it fell more than 100 mm. Lowering perfusion pressure to 
20 mm. in these animals initiated an even more marked change in general 
pressure; this increase averaged 52.3 mm. in 22 instances (fig. 1C). 

Discussion. These experiments clearly demonstrate that in sympa- 
thectomized cats no reflex changes in general arterial pressure are produced 
by raising or lowering the pressure within the carotid sinuses. Such a 
result is in sharp contrast to the marked changes noted in normal control 
animals, and indicates that the efferent pathway concerned in the vaso- 
motor portion of the carotid sinus reflex includes the sympathetic chains. 
On the basis of these experiments we cannot justly conclude that no vaso- 
dilator nerve responses are initiated by increased pressure within the caro- 
tid sinuses of normal animals. There may be vasodilators included in the 
sympathetic chains which normally participate in carotid sinus reflexes. 
We can state that in the sympathectomized cat any vasodilator responses 
which are evoked by raising the pressure within the carotid sinus are of 
negligible significance. If reflex activation of dorsal root vasodilator 
fibers or any other dilator nerves, not associated with the sympathetic 
chains, does occur it is without effect on arterial pressure. Possibly a 
more delicate method of detecting vasodilatation should be employed be- 
fore finally concluding that absolutely no vasodilator nerve activity is 
initiated by pressure changes within the carotid sinuses of sympathecto- 
mized cats. 

Our conclusions appear to be in disagreement with those of Bacq, 
Brouha and Heymans (1934). They found no evidence of a response on 
carotid sinus stimulation in sympathectomized dogs but frequently posi- 
tive results were obtained from cats. In their experiments pressure within 
the carotid sinuses was altered by clamping and unclamping the common 
earotids, but the isolated carotid sinus was not subjected to sudden changes 
in perfusion pressure. Many of their positive results resembled in degree 
the measurable mechanical effects which we found followed clamping and 
unclamping the carotid arteries even after denervation of the carotid 
sinuses, destruction of the cranial nerves V, VII, VIII and IX, and, in a 
different experiment, transection of the cervical cord. Bouckaert and 
Heymans (1935) have discussed some of the hydrodynamic factors which 
must be considered before concluding that arterial occlusion elicits vaso- 
motor reflexes. Rise in pressure following the occlusion of an artery may 
depend in part upon the volume of the circulatory bed being oecluded and 
upon initial blood pressure level. Likewise, a fall in pressure to the initial 
level or below upon removing the obstruction need not involve a reflex 
vasodilatation, since vasodilatation might result from an accumulation of 
metabolites and from other chemical changes in the anemic region. 

Since we found no changes in general arterial pressure following abrupt 
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increase in perfusion pressure within the isolated carotid sinus, we can se 
little basis for the belief that sympathectomized cats show any vasodilato: 
response to changes in pressure within the carotid sinuses. This method 
seems to us to offer more conclusive results than experiments involving 
electrical stimulation of the carotid sinus nerve, since by the latter method 
cardiac and especially strong respiratory reflexes are initiated so that gen 
eral pressure may be affected by mechanical and chemical as well as vaso- 
motor influences. 


SUMMARY 


It is concluded that total removal of both sympathetic chains in cats 
interrupts all the physiologically important efferent pathways of the vaso- 
motor reflexes evoked by changes in pressure within the carotid sinus. 


We wish to thank Dr. Philip Bard for his helpful advice concerning thes 
experiments. 
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The fate of sucrose when introduced directly into the blood stream of 
man has received comparatively little attention. So far as we know the 
first quantitative data were reported in preliminary form in 1932 (1), and 
the two years following (2). Subsequently the sequence of events follow- 
ing intravenous injection of sucrose has been studied in a number of other 
laboratories (3, 4, 5, 6). 

The first experiments at The Mayo Clinic were concerned with the pos- 
sible usefulness of sucrose as a diuretic in man, following experience with 
it by one of us (7), and by one of us and Whelan (8), in dehydration studies 
of dogs. These experiments involved the injection of amounts of sucrose 
of the order of 1 gram per kilogram or more. We were particularly 
impressed by the fact that recovery in the urine of the injected sugar 
appeared to be extraordinarily complete, much more so than one would 
expect from the published reports concerning the urinary excretion of 
sucrose after its injection into animals (9). Incidentally it was found that 
sucrose does not penetrate the erythrocytes of man appreciably, if at all. 

EXPERIMENTAL. The subjects were normal adult males ranging in age 
from twenty-eight to forty-seven years, and weighing 70 to 81.4 kgm. 
They were taking their customary mixed diets, although on the morning of 
an experiment breakfast was sometimes omitted. The procedure Was as 
follows: the bladder was emptied, and blood was drawn from an arm vein 
and transferred to a 15 ec. centrifuge tube containing heparin; the needle 
was left in place in the vein, a tight-fitting adapter was inserted, and su- 
crose solution was injected by gravity from a calibrated 50 cc. buret at the 
rate of about 10 cc. per minute. When the injection was completed, blood 
was immediately drawn from a vein of the opposite arm, and thereafter 
samples of blood and urine were collected at intervals. If the collections 
extended throughout the day the usual meals were taken. The sucrose 
used was a commercial grade of cane sugar, which was found to be non- 
toxic when injected in large amounts into dogs. The solutions were pre- 
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pared with triple distilled water in concentrations ranging from 20 to 40 
per cent sugar, boiled fifteen minutes in pyrex flasks, then cooled to a 
temperature suitable for injection. The exact concentrations of thes 


solutions were determined by chemical analysis, and in addition, in som¢ 


instances, by means of the polariscope. Reducing substances were not 
present in perceptible quantities. 

Analytic methods. Immediately following withdrawal of each sample 0} 
blood a portion was measured and laked in water preliminary to precipita- 
tion of proteins with tungstie acid. The remainder of the blood was cen- 
trifuged at high speed for a few minutes until enough plasma could |x 
drawn off for analysis. The plasma was thus separated as quickly as pos- 
sible, and immediately thereafter the proteins were precipitated with 
tungstic acid. To obtain the hematocrit reading, the tube containing the 
cells and residual plasma was then again centrifuged until a constant cell 
volume had been attained. 

The glucose content (reducing substances) of the tungstie acid filtrates 
was determined by a modification of the Shaffer-Hartman method, th« 
sucrose, in a few of the earlier experiments, by the method of Campbell 
and Hanna (10). For the determination of sucrose in urine an acid 
hydrolysis method was first used. This was as follows: to 5 ce. of urine in 
a 50 ec. volumetric flask were added 28 ec. of water and 2.5 ec. of concen- 
trated hydrochloric acid. The mixture was heated fifteen minutes in a 
water bath maintained at 70°C., cooled, neutralized to phenol red, made to 
volume, then further diluted to a concentration of 10 to 20 mgm. per cent 
reducing substances, after which the reduction was determined as in the 
blood filtrates. The result, after subtraction of the value of the reduction 
of the unhydrolyzed urine, was calculated to sucrose using a factor ex- 
perimentally determined for the prevailing conditions. In later experi- 
ments the invertase method of hydrolysis was applied to both tungstic 
acid filtrates of blood and dilutions of urine. The recovery of known 
amounts of sucrose, when added to plasma in the course of preparation of 
the protein-free filtrates, was accurate to 1 or 2 mgm., while a somewhat 
better order of accuracy was attainable in the analysis of pure sugar solu- 
tions or of urine containing added sucrose. The exact procedure is de- 
scribed in detail elsewhere (11). In an extensive series of comparisons, the 
results of determinations of sucrose in urine by the acid hydrolysis method 
were somewhat more variable and somewhat higher, although not signifi- 
cantly so, than those by the invertase method. 

In certain experiments creatinine was administered by mouth before 
the injection of sucrose. In these, the ratio of creatinine to sucrose in the 
urine collected during the first hour after the injection never exceeded 0.5. 
Creatinine in this quantity was found not to influence materially the deter- 
mination of sucrose by the invertase method. 
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RESULTS AND COMMENT. After the injection of 1 gram of sucrose per 
kilogram, mild diuresis develops and the sugar is excreted rapidly, nearl1 
all of that injected appearing in the urine within ten to twelve hours. In 
subject W (table 1), for example, the recovery in 12.37 hours was 96.5 pe 
cent, in 23.3 hours 98.2 per cent. In blood and plasma the concentrations 
of sucrose decrease rapidly from the high levels attained during, and im 


TABLE 1 
Concentration of sucrose im urine, blood, plasma and erythroc 
injection of 1 gram of sucrose per kilogram of bod 
(March 25, 1931. Subject W., a man aged 28 


URINE 


\ 


Sucrose 


FLUID 
ENT BODY 


per 


PER 


Actual 


sunt injected 
d,mgm 
mgm. per 


grams per 100 cc 
ME 


per 100 ce 
100 ce 
100 ce 


EXTRACELLULAR 


Concentration, 


Plasma, mem 


After injection, 
Whole blood, 


Cells 


a.m. 
8:05 a.m. 
to 
:00 a.m. 
:04 a.m. 37| 4 27 603 
a.m. | 2! 130 327 
:00* 
:04 p.m. 37) 2: 164 
:04 p.m. ).37| 9.6 . 122 
3:00 p.m. 
3:04 p.m. 9 37] Wik 125 | 123 
9:04 p.m. 2.37) 6: 46 122 | 125 
8:00 a.m. 23 30) 156 78) 45.5) 108 | 109 
| 70 


* Breakfast finished at 8 a.m.; lunch at 12 noon, and dinner at 6 p.m. For diet 
and intake of fluid see table 2. 

+ End of the injection of 71.8 grams of sucrose in 200 cc, of water. 

t Calculated on the assumption that 100 cc. of plasma is equivalent to 95 ec. of 
protein-free fluid; the extracel:ular fluid volumes in liters corresponding to the values 
given in terms of body weight’ are 13.3, 14.6 and 15.5, respectively. 


mediately after injection, to traces at twelve hours and to zero at twenty- 
four hours. The concentration of sucrose in the plasma is found to be 
approximately double that for whole blood, indicating that under the con- 
ditions of our experiments very little of the sugar penetrated the cells, 
either in vivo or in vitro. Calculation of the concentration in the cells 
leads to values such as are shown in the next to last column of table 1. Ac- 


LooD 3 
TIME | 
Reduciss 
26 
1 19 | 17.7 
] 24 19.5 
18 20 7 
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cording to these data a small amount of the sucrose may enter the cells. 
On the other hand, consideration of the possible errors in the determination 
of the several quantities involved in the calculation, particularly the value 
of the hematocrit, suggests caution in accepting the results of the calcula- 
tion as conclusive evidence of a slight permeability of the cells to sucrose 
If the hematocrit values used had been somewhat lower the calculated 
amount of sucrose in the cells would have been considerably lower or nil. 
In this connection it is of interest to note that sucrose does not appear in 
the cerebrospinal fluid of dogs in definitely measurable amounts after the 
intravenous injection of 3 to 6 grams per kilogram (12), nor in the cerebro- 
spinal fluid of human subjects in amounts greater than about 10 to 35 mgm. 
per cent after the intravenousinjection of 250 grams of thesugar (4). Inthe 
last column of table 1 appear values for the “extracellular” fluid volume of 
subject W, as calculated according to recent suggestions of Crandall and 
Anderson (13), and Lavietes, Bourdillon and Klinghoffer (5). Although 
the quantity of sucrose introduced intravenously was much larger than has 
been used in experiments in which such calculations have been made, the 
results nevertheless fall within the range established by the latter authors. 

In an experiment on another individual, Pm, which was conducted in 
the same manner as the experiment described in table 1 for subject W, the 
results were almost identical as regards the urinary excretion of the in- 
jected sucrose, the levels attained in the blood, and the distribution of 
sucrose between the cells and plasma. The values for “extracellular’’ 
fluid volume were, in per cent of body weight, 19.7 at one hour after injec- 
tion of sucrose, 22.4 at three hours, and 26.4 at six hours. 

No significant changes in any of the other constituents of the blood or 
urine that were examined were noted in these experiments, except an oc- 
casional very slight albuminuria or hematuria, or both, soon after injection 
when the concentration of sucrose in the urine was high, around 10 to 12 
percent. The total excretion of the various urinary constituents during a 
day in which sucrose is injected is but slightly altered, aside from changes 
that may be attributed to diuresis. Data in this regard for two subjects 
on constant diets appear in table 2. Subject Pm was taking more salt and 
water than was W, consequently he could respond with a definitely greater 
output of these substances on the day of the injection of sucrose. 

The results of several other experiments in which the urinary excretion of 
sucrose was determined at various times after the injection of various 
amounts of the sugar are summarized in table 3. The recovery in twelve 
to twenty-four hours was 89 to 98 per cent of the sucrose injected (eight 
experiments on six individuals, including the two experiments on W and 
Pm already discussed). In addition to these results of ours, Lavietes, 
Bourdillon and Klinghoffer stated: ‘Sucrose has been quantitatively re- 
covered from the urine within twenty-four hours after intravenous injec- 
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tion in normal subjects on three oceasions.”’ The human organism thus 
seems unable to attack sucrose appreciably when it is introduced intra- 


venously. Whether repeated injections may elicit the elaboration ot 


enzymes capable of hydrolyzing sucrose, has not been thoroughly investi- 
tigated in man. Experience with one normal subject, however, suggest- 
that such enzymes are not easily called forth in the blood stream nor in 
any other tissue or fluid with which the sugar comes into contact. The 


TABLE 2 


Effect of intravenous injection of sucrose on excretion of other urinary constituents 


VOLUME NaCl TOTAL 
a 


l T N 
OF URINE pase, N/10,; 


March, 1931 
20-21 
21-22 
22-23 
23-24 
24-25 
25-26 
26-27 


27-28 


Subject W* 
weight 75.0 kgm. 


December, 1931 
17-18 | 1040 a 1] 
| 18-19 450 23 36 64 
Subject Pm.t 19-20 1085 p 203: 11 45 
weight 80.5 kgm. | 20-21 720 3 05 : 10 15 
| 21-22§ | 1440 5.45 2094 10.40 
22-23 545 2 02 1444 & 94 
23-24 990 2.18 1564 9 11 


* Diet weighed and constant: Calories, 2,050; protein, 59 grams; NaCl, 1.4 grams 
Water, 890 in food; extra water, 800 cc. 

t Seventy-one and eight-tenths grams of sucrose in 200 ec. of solution injected 
intravenously from 8:42 a.m. to 9:00a.m. 

t Diet weighed and constant: Calories, 2,500; protein, 60 grams; NaCl, 6.0 grams 
Water in food, 1,175 cc.; extra water, 1,000 cc. 

§ Seventy-two and seven-tenths grams of sucrose in 225 cc. of solution injected 
from 8:32 a.m. to 8:52 a.m. 


subject (L) was given an injection of approximately 45 grams of sucrose on 
two successive days. On each morning, subsequent to the injection of the 
previous day, the plasma was free of sucrose; on the morning of the third 
day exactly 40 grams of sucrose were injected. The return in the urine in 
the ensuing twenty-four hours was 39 grams or 97.5 per cent. Apparently 
no stimulation of a mechanism for hydrolyzing the sugar had occurred. 
The behavior of dogs in this respect is distinctly different. After repeated 


970 5 43 1494 10.19 

730 1 97 913 11 02 

710 0) 99 547 10 79 

Po 700 0 98 735 10 78 
760 0 84 722 10 79 

R18 0 97 742 10 01 

140 0 75 603 10 52 

| 610 0 67 714 10 61 
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TABLE 3 


Excretion of sucrose in urine after intravenous injection 


SUCROSE EXCRETED, PER 
CENT OF THAT INJECTED 


SU- 
CROSE 
IN- 
JECTED 


TOTAL 
EXCRETION OF REMARKS 
SUCROSE 


SUBJECT DATE 


First hour 

Second hour 
Third hour 
Fourth hour 


per 
cent 


(| 10- 7-32 | i | 9 | 95 | Usual food and fluid 
| | taken 
\| 10-14-32 | | | 68 | No food or fluid taken 


hours 


(| 10- 3-32] 5 | 89 Usual food and fluid 
| | taken 

|} 10-12-32 | 78 No food; water intake, 
|| | | 1600 ce. 

1-30-33 | 46 9 | | 65 | 5 grams creatinine, 20 
minutes before 
breakfast; sucrose 
injection 30 minutes 
after breakfast 


Sucrose injection 30 
minutes before 
breakfast 


| 5 grams creatinine be- 
fore breakfast; su- 
crose injected just 
after breakfast 
No food; large intake 
of water 


| 5 grams creatinine 1 
hour before injection 
| | of sucrose; no food 
2-14-33 | : : 9 | 2 | No food 
9-26-33 | 2 | No breakfast; 50 grams 
8-14-33 | | xylose with oatmeal 
8-24-33 | 92 | before injection of 
sucrose. Lunch and 
dinner as usual. 
Weighed diet, fluid 
1000 ec. 
23 | Weighed diet, fluid 
800 ec. 


Urine volumes during first hour varied from 44 to 365 ec. Urine volumes during 
second hour varied from 34 to 580 ce. 


208 
grams 
| | | | 
H 12— 1-32 $80 35 19 93 24 pe 
(| 1-14-83] 5.45] 46 | 21 67 | 2 
| 
‘| 2-17-33 | 5 30! 38 | 21 59 | 2 
M.....) 
B 
M 
Po 
Pm | 
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injections of sucrose into these animals, Abderhalden and Baudze (14) ob- 
tained direct evidence for the presence in the urine of enzymes capable of 
hydrolyzing sucrose. In our own experiments with dogs we have found, 
aside from the fact that injected sucrose never could be recovered quantita- 
tively in the urine, other evidence of an indirect nature that sucrose i- 
partly hydrolyzed either in the blood stream or in some other fluid o: 
tissue with which it may come into contact (15). Obviously sucrose could 
not be used in the dog as a means of evaluating the extracellular fluid vol- 


ume. 

It has been of particular interest to us to observe the constancy of the 
rate of excretion of sucrose when comparatively small amounts, 0.06 to 
0.08 gram per kilogram, are administered. Ten experiments on five 
individuals were performed, in which the hourly excretion of sucrose was 


TABLE 4 


Comparison of plasma clearances and rate of excretion of sucrosé 


PROPORTION EXCRETED* PLASMA CLEARANCES 
SUBJECT WEIGHT 


First hour Second hour First period Second period 

kgm. per cent per cent cc,/min 
814 38 21 
77 0 18 

4] 19 
70.0 19 
74.5 38 

35 16 


* From table 3 

+ From table 1, Keith, Power and Peterson (11). 
determined (table 3). Omitting for the moment three of these in which 5 
grams of creatinine were given by mouth an hour or so before the injection 
of sucrose, in the remaining seven the excretion during the first hour varied 
from 35 to 41 per cent of the amount injected; during the second hour, 
from 15 to 19 per cent. This degree of constancy was attained despite 
variations in urine volume between wide limits, and in some instances 
despite the taking of food. The results of experiments on different days on 
the same individual were subject to even less variability. In fact, the 
variations in the quantity of sucrose excreted in a given time, such as in 
the first and second hours after injection, were no greater than those ob- 
served in the plasma clearances of sucrose as determined several months 
later in a comparable group of individuals, four of whom already had served 
in this investigation. The data are assembled for comparison in table 4. 


K 
M 
Po 
B 78.2 104 99 
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It seems possible that determination of the rate of excretion of sucrose 
might serve in practice the same purpose as the more elaborate plasma 
clearance determination. 

In the three experiments in which creatinine was given there seemed to 
be a definitely accelerated excretion of sucrose. Presumably this means 
that the clearances would also be increased. This appears to be at vari- 
ance with the evidence of Shannon (16) that the clearances of xylose and 
inulin are not affected by the simultaneous excretion of large amounts of 
creatinine. Shannon's experiments, however, were concerned with much 
higher levels of creatinine in the plasma than the 6 to 7 mgm. per cent en- 
countered in our present experiments. Whether our observations of this 
effect of creatinine at these lower levels is of significance must await the 
accumulation of further data. 


SUMMARY 


When sucrose is injected intravenously into normal individuals in 
amounts varying from 0.06 to 1.0 gram per kilogram, the sugar excreted in 
the urine within twelve to twenty-four hours represents 89 to 98 per cent 
of that injected. Enzymes capable of hydrolyzing sucrose are not present, 
therefore, either in the blood stream or in other fluids or tissues with which 
the sucrose may come in contact. 

In the individuals studied variations in the rate of excretion when small 
amounts of sucrose were injected were no greater than the variations ob- 
served in the sucrose clearances as determined at a different time on the 
same individuals. The quantity of sucrose excreted in a given time may 
thus be useful in many instances as an index of renal function of the same 
significance as the more elaborate sucrose clearance. 

In three experiments in which creatinine was ingested before the injec- 
tion of sucrose the subsequent rate of excretion of sucrose was definitely 
accelerated. 

In the blood stream (and in vitro) sucrose penetrates the erythrocytes 
but slightly, if at all. 
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